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CHAPTER I 


INTRODUCTION 
1.1 Pission Process 

Tile breaking-up of a Heavy nucleus into two or more 
parts is known as fission. These parts are called fission 
•fragments. The phenomenon was discovered by Hahn and 
Strassman in 1939 [l]. Meitner and Prisch [ 2 ] , in the same 
year, calculated the large energy release ('•-■''200 MeV) as the 
outcome of this process which was experimentally confirmed by 
Prisch [ 3 ] who observed very large pulses produced by the 
fission fragments in the ionization chamber. Spontaneous 
and induced fissions are the two categories of fission. The 
particle or photon induced fission is a complex nuclear 
reaction via compound nucleus formation. The compound nucleus 
formed in induced fission, is in an excited state with the 
excitation energy distributed among a large number of degrees 
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of freedom such a?* the collective nuclear rotations, vibrations 
and the single particle excitations. The dissipation of the 
available energy can take place through particle emission, 
y-emission or fission. The fission occurs only if a sufficient 
amount of excitation energy becomes concentrated in the poten- 
tial energy of deformation which enables the nucleus to pass 
through the saddle point. The saddle point corresponds to 
the shape at which the potential energy of deformation is 
maximum. From saddle point to scission point the repulsive 
Coulomb forces dominate over the attractive nuclear forces 
(analogous to the attractive surface tension force in the 
liquid drops) and at the scission point the nucleus splits 
into two or more parts. At the scission point nuclear 
interaction ceases to play part among the nascent fragments. 

Being a complex nuclear reaction via compound nucleus 

formation, fission process can be considered in three phases. 

Prior to the saddle point the nucleus undergoes several 

oscillations until one of them brings it to the scission 

through the saddle point where nucleus breaks up into two or 

more parts. The estimated time, nucleus takes, from saddle 

-21 

point to scission point is about 10 Sec. The motion from 
saddle to scission is very complex and it has not yet been 
fully understood. The motion of the fission fragments after 
scission point is solely governed by Coulomb forces. 

LouJOsit vno xi cvvvwvm ivn 1* rry U/V'-S t ifWiJ c kf rYrrvV 
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Most often, the nucleus splits into two unequal parts 
termed as binary fission. In about every 500 binary fissions, 
the normal fission fragments are accompanied by a light- charged- 
partide. Phis mode of fission is known as the light-charged- 
particle accompanied fission (in short 1CP accompanied fission)* 
When a nucleus breaks up into three heavy fragments, it is 
called ternary fission [ 4 ]. fernary fission is less probable 
than 1CP accompanied fission. A fourth very rarely occuring 
mode of fission is that in which two heavy fission fragments 
are accompanied by two light-charged-parti cl es (mostly these 
particles are alpha particles) [5,6]. fhe last mode of fission 
is known as the quaternary fission. 

fhe most studied mode of fission is binary fission, 
fhe important aspects of binary fission studies are the 
fission fragment mass distribution, charge distribution, 
kinetic energy distribution, prompt neutron emission and 
prompt gamma ray emission. At lower excitation energies, the 
mass distribution for actinide nuclei (A >229) is asymmetric 
having heavy fragments peak at mass number around 140 for all 

these fissioning nuclei [ 7 J • fhe light fragments peak shifts 

6 > 

with the compound nucleus mass number. At higher excitation 
energies, the mass division becomes more symmetric, which 
can be understood in terms of the M washing out 1 ' of the 
shell effects at higher excitation energies. fhe fissioning 
nucleus at high excitation energy sees only a liquid drop 
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type of "barrier which, predicts symmetric mass division as the 
most probable mode of fission. 

The charge distribution is another important charac- 
teristic of binary fission. Recent measurements [8j have 

£ 

shown that the charge-to-mass ratio for the light fragment 
is more than that for the heavy fragments. 'This indicates 
that the lighter fragment receives larger fraction of the 
available charge. 

The largest fraction of the released energy in the 
fission process goes into the kinetic energy of the fragments 
resulting mainly due to the Coulomb repulsion between the 
nascent fission fragments. The total kinetic energy of the 
fragments increases slowly with Z /A. The excitation energy 
dependence of the total kinetic energy has been studied 
extensively [9] and it has been established that the dependence 
of total kinetic energy on the compound nucleus excitation 
energy is very weak which suggests that a large fraction of 
the excitation energy goes into the fragments excitation and 
not into kinetic energy. , This indicates that the extent of 
stretching of the neck (the Coulomb potential energy at 
scission) remains more or less the same as the compound 
nucleus excitation energy increases. 

The dissipation of the excitation energy of the 
fragments takes place by prompt neutron emission and prompt 
gamma emission. 'The principal sources, which contribute to 
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the fragment excitation energy, are the intrinsic excitation 
energy, the deformation energy of the fragments at the scission 
and the Coulomb excitation of one fragment due to the other 
during separation. Since most of the excitation energy of the 
fragments gets dissipated by prompt neutron emission, the 
prompt neutron studies provide information about the deforma- 
tion and excitation energies of the fragments at the scission. 
One of the quantities of interest is the average number of 
neutrons per fission which increases with the mass number 
and excitation energy of the compound nucleus [lOj. for low- 
energy fission of actinide nuclei, the neutron yield versus 
fission fragment mass show a saw-tooth behaviour which vanishes 
at higher excitation energies. The majority of prompt neutrons 
are emitted from the fully accelerated fission fragments 

(emitted in time X^-xlO - ^^ Sec. after scission) [7j. About 

§ 

10 ^ of the neutrons are emitted at the scission point [ll,12J. 

A considerable amount of the fragment excitation energy 
is dissipated by means of prompt gamma ray emission. About 
8 Me? energy per fission event [13J goes into the prompt gamma 
ray emission through about 8-10 photons per fission event. 

The forward peaked angular distribution of prompt 
gamma rays relative to fragment direction could be. under stood 
in terms of the fragment angular momentum. These gammas 
differ from gamna rays associated with the neutron capture 
in the sense that they carry away large angular momentum 
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(^'■■10 -ft to 12 A j from the fragments and hence they con tribute 
a lot in understanding the deexcitation mechanism of the 
fission fragments. 

Lastly, the study of the fission fragment angular 
distribution is important to understand the mechanism by 
which a fraction of the projectile angular momentum gets 
converted into the orbital angular momentum between the 
fission fragments. 

1.2 Bohr’s Uni f ied_ Model of_ Fission 

The explanation of the nuclear fission was first 

given by Bohr and wheeler in 1939 [l 4 ] . They calculated 

fission barriers, i.e. the potential energy variation with 

the deformation of the nucleus, using liquid drop model of 

nucleus. According to this model, only Coulomb energy and 

surface energy of nucleus change under deformation and 

therefore the nucleus remains stable against small distortions 

if the decrease in the Coulomb energy (-AE 0 ) is smaller than 

the increase in the surface energy ( A£ ) . On the other hand 

;£S * b 

if l - s the charged-nucleus becomes unstable against 

small deformations. The liquid drop model successfully 

explained the gross features of the nuclear fission process. 

Some of the fission characteristics such as asymmetric mass 

distribution of fission fragments for low energy fission 

and fission fragment angular distribution could not be 
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explained on^ the "basis of liquid drop model. 

Bohr and Wheeler [l4] also introduced the concept of 
fission exit channels in terms of saddle point configurations. 
Ihe exit channels were defined as the fragmentation of the 
nucleus into two definite nuclear species in the given excited 
states. Ihe idea of fission exit channels was later extended 
by A. Bohr in 1956 [l5j. He furmulated a more generalized 
model of fission known as the ’Unified Model of Fission' which 
is described below: 

For excitation energies of the compound nucleus not 
too far above the fission threshold, the nucleus is cold at 
the saddle point since a major part of its energy is bound 
in the potential energy of the deformation. Ihe quantum 
states available to the nucleus at the saddle point are, 
therefore, widely separated and represent relatively simple 
type of collective excitation of the nucleus. fhese states 
are expected to resemble the ground state excitations of the 
deformed nucleus, that is, the fission channels at the saddle 
point form a spectrum similar to the low-lying states of the 
stable deformed nucleus. 

Fig. 1.1 shows the spectrum of nuclear levels for an 
even-even nucleus as a function of a symmetric deformation 
parameter using LDM. type of barrier. It is assumed that 
the nuclear shape remains axially symmetric during the 
passage through the saddle point. Ihe channel. s are then 
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Fig. 1.1. Schematic representation of levels at the saddle-point 
deformation for an even -even fissioning nucleus. (After 
A. Bohr C153) . 
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characterized by the quantum number K u , representing the 
component of the nuclear angular momentum J along the body 
symmetry axis. For even-even nuclei the lowest state of the 
nucleonic structure has K = 0, corresponding to a paired 
nucleon configurations. with this intrinsic state, the 
associated rotational bands are given by 

h 2 

E J,K = \ + '^T J (l- 1 ) 

where J is the total angular momentum (spin) and I is 

p 

the effective moment of inertia. The quantity (H /2I) depends 
on the deformation and its value is about 7 keV for ground 
states of the very heavy elements while the value of this 
quantity is smaller at larger defurmations. 

For nuclei whose shapes possess reflection symmetry the 
spectrum for K = 0 contains only even valued rotational levels 
such as J = 0, 2, 4, ...... etc. all having positive parity. 

The rotational band also contains odd J values having negative 
parity. These states correspond to excitations of the vibra- 
tional states of the deformed nucleus which do not pussess 
reflection symmetry. ihese states are antisymmetric with 
respect to rotations about 180° and hence give rise to the 
negative parity states such as 1 , 3 > ...... . ihese states 

are displaced with respect to the positive parity states by 
an amount h w, where w is the frequency of tunneling motion 
between the mirror shapes of the preferred symmetry. The 
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higher the degree of asymmetry the smaller the w. These low- 
lying excitations of the nuclear ground state have been 
observed to occur in the even isotopes of Radium and Thorium 
with energies in the region of 200, to 30C keV [16]. The 
energies increase as one goes to still higher elements. 

At saddle point, even- even nuclei are expected to have 
a lowest state of J n = 0 + and close lying collective excitation 

of 2 + , 4 + , .... etc. as well as states such as 1 , 3 at 

somewhat higher energies. Apart from these collective 
rotational excitations, the nucleus possesses states correspon- 
ding to the excitation of the nucleonic configuration, that is, 
single particle excitations. Since these require the breaking 
up of a nucleon pair, there will be a significant energy gap 
(v^l MeV) between the lowest configuration and the first 
excited configuration. After this gap the spacing between 
intrinsic excitation is only of the order of a 100 keV, 
corresponding to the average spacing of individual particle 
orbits. .v’ith each such intrinsic excitation, characterized by 
a definite K, there is associated a rotational band with J = X, 
K+l, K+2, .... and both parities. 

In odd-A nuclei the lowest K-value is given by the 
component of angular momentum of the last odd nucleon in its 
lowest binding state. At saddle point this lowest K-value 
differs, in general, from the nuclear ground state. The 
spacing between the states of the last odd particle is of 
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the order of a few hundred keY. Therefore, the intrinsic 
excitations in odd-A nuclei invulve no energy gap similar 
to that characterizing the paired configuration in even- even 
nuclei. With each particle configuration is associated 
a rotational hand with J = K, K+l, K+2, .... etc. and both 
parities. Similarly in odd-odd nuclei the intrinsic excita- 
tions would be closely spaced. 

Slow neutron ( £ = 0) capture by an even-odd nucleus 
of spin J Q leads to a compound nucleus of even-even type 
having spin J = J Q + 1/2 having same parity as that of the 
target nucleus. The transition states will contain only one 
of these spin parity combinations in the rotational band 
associated with the lowest nucleonic configuration (K = 0) and 
therefore the fission thresholds for the two types of compound 
nucleus levels are expected to differ appreciably (A*^l Mel). 
This indicates that, in slow neutron fission, the transition 
state is well defined and is expected to influence the fission 
characteristics such as the angular distribution, mass 
distribution and kinetic energy distribution of fission 
fragments, fission widths of the resonances, prompt neutron 
and prompt gamma ray emission and energy spectra and emission 
probabilities of different light- charged-parti d es emitted 
in fission. 

At higher neutron energies, higher partial waves such 
as H - 1,2,3?.... etc. participate in fi ssion p rocess. The 
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fission cross sections for different partial waves vary 
significantly with the incident neutron energy. Rae et al. 

[17 J calculated the neutron capture and elastic scattering 
cro ss-sections of U upto E n = 1.1 MeV on the basis of the 
statistical theory of nuclear reactions using jt= 0,1, 2, 3 
partial waves. The results are shown in Pig. 1.2. It is 
seen that the p-wave ( f = l) cross section rises rapidly 
with energy and becomes equal to the s-wave ( £= 0) cross 
section at E n = 100 keV. At neutron energies in the energy 
interval between 100 keV to 500 keV, the p-wave contribution 
becomes about 50 % - 60 % of the total fission cross section, 
fhe d-wave ( $_ = 2) component also increases with energy and 
at E n = 500 keV it becomes the same as that of s-wave neutrons, 
fhe contribution of other higher partial waves (j^ 7 2 ) is 
negligible in this energy region. 

Depending upon the incident neutron energy, these 
channels influence the fission process to varying extents. 

In the s-wave fission of U ( 7/2 ) the states accessible 

to the nucleus would be 3 and 4 and in p-wave fission these 
would be 2 + , 3 + , 4 + and 5 + . fhe relative predominance of either 
of these states would depend on the relative predominance of the 
partial fission cross sections in the neutron energy region 
under study. If the neutron energy spread is not too large, 
one or a few of these states can be selectively excited and 
the fission characteristics resulting thereby can be studied 
in the low-energy fission. At still higher neutron energies. 
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Fig. 1.2. Calculated partial wave fission cross sections 
for neutron induced fission of 235 U at various 
neutron energies upto 1 MeV. (After Cuninghame 
etal. C173 ) . 
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the channel density increases and therefore many channels 
participate and these effects are expected to average out. 

The most important contribution of the Bohr’s unified 
model was to explain the fission fragment angular distribution 
using the simple symmetric top model and the quantum numbers 
characterizing the fission channels. At low neutron energies, 
the angular momentum vector remains predominantly perpendicular 
to the body symmetry axis (small K-values play a role), the 
expected fission fragment angular distribution would be forward 
peaked which agrees well with the experimental observation 
[l8]. The distributions in fast neutron-induced fission and 
photo-fission have also been understood in terms of K-bands 
limited to lower values. 

In the low energy fission, the asymmetric mass 

distribution of the fission fragments is the most puzzling 

fission characteristic. The corresponding asymmetry parameter 

is defined as the ratio of peak-to-vall ey (R) which is expected 

235 

to differ from resonance to resonance. The studies <5n U(n,f) 
[19,20] and 255 Pu(n,f) [20,2l] for E n ^600 keV have revealed 
that the peak-to-vall ey ratio is a strong function of the 
spin and parity of the transition state of the fissioning 
nucleus. 

The decrease in the average total fragment kinetic 

235 

energy in the neutron-induced fission uf U around E n = 200 

keV by about 0.6 MeV [22] and corresponding increase in the 
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average number of prompt neutrons per fission also reveal tlxe 
success of the fission channel theory of Bohr. 

In 1967, Strutinsky [23] incorporated the shaLl effects 
into the liquid drop model and obtained the do ubl e-hump ed 
fission barrier. These barriers have been quite successful in 
explaining the recent observed phonomenon known as the fission 
isomers. Big. 1.3 shows the double-humped fission barrier along 
with the LDM type of single -humped fission-barrier. The 
conclusions are unaltered whether one uses single-humped or 
double-humped fission-barrier for the purpose of the unified 
model of fission. In the case of double-humped type uf 
barrier, the channels corresponding to the higher hump are 
relevant to the fission process. 

Since the angular distribution, mass distribution 
and kinetic energy distribution of fission fragments and 
prompt neutrons and prompt gammas are influenced by the 
properties of the saddle states, it is expected that the 
emission probabilities and energy spectra of different light- 
charged-parti dL es may also be affected by these states. The 
li ght- charged-parti cl e accompanied fission along with the 
various models used to understand it is described in the 
following Sections. 

1.3 Light-Charged-Particle Accompanied^Pissi on 

Light-charged-particle accompanied fission was first observed 
by Alvarez [24]. Such a division normally occurs once in 
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Fig. 1.3. Schematic illustrations of single -humped ( ) and double- 
humped ( ) fission barriers. Intrinsic excitations in the 

first and second wells are designated class I and class II 
states, respectively. The transition in the shape of the nucleus 
as a function of deformation is schematically represented in 
the upper part of the figure. The spontaneous fission of the 
ground state and isomeric state occurs from the lowest energy 
class I and class II states, respectively. (Ref, £103)- 
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about every 500 fissions. Several light-charged-particles 

such as 1 H, 2 H, 3 H, 3 He, 4 He, 6 He, 8 He, 6 Li, 7 Li, ^i, 9 Li, 

7 9 10 

'Be, Be, Be, B, C, N, and 0 have been observed in thermal 
neutron induced fission of 233 U, 233 U and 239 Pu and in 
spontaneous fission of 252 Cf. The alpha particles [25-32] 
(long-range alpha-particles or LRA) constitute the bulk 
(e-%90 of the total light-charged-particle yield. Next to 
alpha particles are the tritons with an abundance of about 6 
to 7 percent. The yield of protons, has been reported to ' 
be about 2 percent while the other light-charged-particles 
come out with still small probability. The energy distribu- 
tions of these particles are observed to have Gaussian shapes. 
The most probable (mean) energies of alpha particles, tritons 
and protons are about 15 MeV, 8.5 MeV and 8.5 MeV respectively. 

Since majority of the light-charged-particles consist 
of long-range alpha-particles, the long-range alpha-particle 
accompanied (LRA accompanied) fission is the most extensively 

studied light-charged-particle accompanied fission for thermal 

235 

neutron induced fission of Q and spontaneous fission of 
252 

Cf. Various correlations between the fission fragment 
characteristics and alpha particle characteristics have been 
determined experimentally. These correlations are important 
due to the interesting possibility of obtaining information 
about scission configuration from trajectory calculations. 
Review articles of Leather [33] and Halpern [ 54 ] give a good 
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summary of the experimental work in the area of light- charged- 
particle accompanied fission with special attention on long- 
range alpha-particle (LRA) accompanied fission. There have 
been many experiments in which certain features observed in 
normal binary fission are compared with the same features in 
the LRA accompanied fission. It is found that the LRA accom- 
panied fission has all the essential characteristics similar 

to those of binary fission except those having to do with 

235 

energetics. In the thermal neutron induced fission of U , 

the two main fragments in LRA accompanied fission have mean 
kinetic energy of 155 MeV which is about 15 Metf less than 
the same in the binary fission [35]. Similar results were 

p £r p 

also obtained for spontaneous fission of Cf [ 36 ]. The 
mean fragment kinetic energy in LRA accompanied fission is 
reduced from that in binary fission by about the same amount 
for all fission fragment-mass-ratios [37] « This has also 
oeen confirmed for light-charged-particle accompanied fission 
in which tritons and protons are released [ 38 ]* 

The mass distribution in binary fission and LRA 
accompanied fission are very similar. The mass distributions 
in triton- and proton-accompanied fission have also been 
obtained [ 38 ] and it has been found that the distribution 
in proton-accompanied fission is quite different as compared 
to that in the binaiy fission. 
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Some measurements [ 36 ] have been carried out on the 
prompt neutron emission in the LRA accompanied fission which 
showed that there are about 0.7 fewer neutrons per fission 
emitted in LRA accompanied fission as compared to the binary 
fission, although the neutron energy spectra are similar in 
both the types of fission. In triton- and proton-accompanied 
fission, the average neutron number is less by about 0.3 

neutrons per fission as compared to binary fission. The 

prompt gamma characteristics in LRA-accompani ed fission are 
also similar to those in binary fission [39]. 

One of the most striking features about light-* charged- 
particle emission in fission is the angular distributions of 

these particles with respect to the fission fragment direction 

The angular distributions of all these particles are peaked 
around 90° with a width of about 20-25 degrees with the 
exception of protons, which are found to have a very wide 
angular distribution [28]. Due to the similarity of the 
energy spectra and angular distributions of all these 
particles, they are believed to be emitted by the same 
mechanism. Although most of the light-charged-particles have 
angular distributions peaking around 90° with respect to the 
fission fragment direction, a small percentage (about 2 % ) 
is also found to be emitted along the fission fragment 
direction. These particles, termed as polar particles, have 
been studied by Piasecki et al. [ 40 ] in the case of thermal 
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2^5 

neutron fission of yj U and it has been found that the relative 
yields of different polar-light-charged-particles are quite 
different from those of normal or equatorial-light-charged- 
parti cles . 

The angular distributions of light- charged-parti cles 
led to the belief that the light- charged- parti cles are 
emitted very close to the moment of scission from the neck 
connecting the two heavy fragments. Once these particles are 
emitted their motion would be influenced by the Coulomb field 
of the fission fragments and their final energies and angular 
distributions would be sensitive to the separation and speed 
of the fragments at the instant of their emission and therefore 
the study of these particles is expected to provide useful 
information about the scission stage of the fission process. 

The correlations between various characteristics of these 
particles and fission fragments also contain the information 
regarding their emission mechanism. There have been various 
models to understand the emission mechanism of these light- 
charged-particles in fission but none of them is able to 
explain all the observed characteristics. These models are 
described in the Section 1.4 below. 

An important characteristic of LRA accompanied fission 
is the observed anti-correlation between, the average total 
fragment kinetic energy and the alpha particle energy. 
Measurements [37>4l] on the multidimensional correlations 


4 
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between the energies and masses of fission fragments and 

energy and angle of the long-range alpha-particles emitted 

from thermal neutron induced fission of have led to the 

conclusion that the average total fragment kinetic energy 

decreases as the alpha particle energy increases. The 

average slope (d /dE a ) was found to be about -0.32 for 

10 MeV s <fE a <^26 MeV. Similar results [42] have also been 
v p 5 o 

obtained in the case of spontaneous fission of Cf. This 

anti- correlation plays an important role in interpreting 

trajectory calculation results. 

1.4 Models of LCP Emission in fission 

The LEA accompanied fission has been studied most 
extensively because of its high probability of emission and 
various correlations have been measured. These include the 
correlations between various fission fragment characteristics 
and IRA energy, angle of emission with respect to fission 
axis. To understand these correlations, several models of 
alpha particle emission have been proposed in the past. A 
brief discription of sume of these models is given below. 

(i) Pre-scission evaporation model 

This model [43] assumes that the alpha particle is 
evaporated from the fissioning nucleus just before scission 
and then the nucleus undergoes fission. It was based on the 
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following observations : (i) the sum of most probable kinetic 

LC.P -fis sVtf* 

energies of the fragments in ternary and binary fission are 

1 . V LCl> 

nearly equal, (ii) the probability of ternary fission does 
not depend on the mass ratio of the fission fragments, (iii) 
lesser number of prompt neutrons are emitted from aif L-C.P 
fission as compared to binary fission and, (iv) the angular 
distribution of the alpha particles is forward/backward 
peaked relative to incident neutron direction in the 14 MeV 

070 

neutron fission of U [43] . One of the strong evidences 
in favour of this model is the angular distribution of alpha 
particles with respect tu the neutron direction in the -fast 
neutron fission of [44] which is the characteristic of 

the particles evaporated from a compound nucleus. The 
measured anisotropy agreed well with the calculated one for 
alpha particles emitted from a fissioning nucleus having a 
large angular momentum. Agreement of alpha particle spectrum 
obtained on the basis of statistical theory of evaporation 
from the compound nucleus at higher excitation energies is 
another evidence favouring this model [44]. However an 
important objection against this model was that the 
temperature of the compound nucleus calculated from this 
model (0.63 MeV) was completely different from that calculated 
on the basis of scission neutrons. 
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(ii) Post- scission evaporation model 

To explain the mass distribution of the fission 

LCP 

fragments in ternary fission, feather [45] assumed that the 
light- charged-particl e is evaporated from one of the fragments 
just after the scission point, furthermore, the particle 
emission was assumed to occur before the recoiling fragment 
had acquired more than a small fraction of its final energy. 

By comparing the mass distribution in long-range alpha-particle 
accumpanied fission and binary fission, the probability of 
emission of the alpha particles was calculated using the 
following expressions: 


p(a l ) 

~ 4)/B(Aj j , Ajj ) , 

(1.2a) 

P(A h ) 

- T( A^, Aj£_^_, 4)/B(Aj j ,Ag) 

(1.2b) 


where P(A l ), P(Ag) are the probabilities of aLpha particle 
emission from either fragment A^ or A^ of the fissioning 
nucleus. B^-^A^) is the probability of fission into 
fragments A-^ and Ag in binary fission and T(A^>, A-^* 4) is the 
probability of LRA fission for the mass division in A^ , A^. 
The increase of the probability of long-range alpha-particle 
emission with fission fragment mass number showed a sawtooth 
dependence with zero probability for symmetric fission [46] 
which exactly parallels the variation of prompt neutrons with 
the mass number of the fission fragment and hence provide a 
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significant support for the hypothesis of this model. Another 
evidence in favour of this model is that the mean number of 
prompt neutrons and the mean probability of long-range alpha- 
particle emission both increase with the mass number of the 
fissioning nucleus for low-energy fission. The following 
points are against the hypothesis that the alpha particles 
accompanying fission are evaporated from the fragments ;just 
after scission ; (i) The probability of long-range alpha- 
particle emission decreases whereas the number of prompt 
neutrons increases with the excitation energy of the compound 
nucleus, (ii) A typical evaporation time significantly exceeds 
the time (t/o 10 Sec) that the fragments rarfain sufficiently 
close to each other to provide a field strong enough to account 
for the observed angular distribution of the alpha particles, 
(iii) If the alpha particles were evaporated, they would tend 
to be emitted from the outer ends of the fragments rather than 
into the central region where the Coulomb barrier is much 
thicker. The angular distribution of alpha particles would be 
expected to be forward peaked, (iv) The relative evaporation 
rate compared with that for neutrons would be expected to be 
much less than the observed rate. 


(iii) Sudde n- s nap model 

For an alpha particle or other light-charged-particle 
in fission to be able to acquire a very large share of the 
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available energy that it needs to he released between the 
fragments, this energy must in the meantime he stored in the 
readily convertible form. This model [47] assumes that just 
before scission the nucleus is highly distorted and thus has 
a large fraction of its energy in the form of the deformation 
energy . Then it suddenly breaks up giving rise to sudden 
collapse of distortions. A large fraction of the deformation 
energy then goes into the individual particle degrees of 
freedom. This gives a finite probability for individual 
particle to acquire sufficient energy from the sudden 
changing potentials and become free. Later, particle gets 
accelerated by the Coulomb forces of the two fission 
fragments. This model has been used only for some qualitative 
explanation, ho detailed quantitative calculations were 
carried out with this model for comparision with the 
experimental results. However, the energy cost for the 
emission of different light- charged-particles were computed. 
The average energy cost (E ) , also known as the release 
energy (E^) , for the production of different particles was 
obtained using the following expression? 

E c = 3 + (1.3) 

where Bis the average binding energy of the emitted light- 
charged-particle to its mother fragment, is the average 

difference in the Coulomb energy between the corresponding 
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binary and ternary fission configurations, and K is the 
average kinetic energy with, which the third particle is 
born. The binding energy (B) can be calculated from the 
mass tables. Bor alpha particles, it is about 5 MeV. Halpern 
[34] calculated Av under certain assumption regarding the 
binary and ternary scission configurations using the 
expression^, 


Av 


Z 2„ Z 3 


+ 


Z 1 Z 3n 2 
4d ' e » 


(1.4) 


where Z^_, are ‘the charges of the mother fragments, Z^ is 
the charge of the light-charged-particle and 2d is the charge 
distance between the two binary fragments. The light- charged- 
particle (Z^) is removed from Z2 and placed in the middle 
such that the centre of mass of the system is unaltered. 

p *2 CL 

The estimated value of Av for alpha particles from U 
fission was found to be about 19 MeV. 

In the absence of an explicit model, it is impossible 
to estimate £» However, assuming sudden collapse of the 
neck in the scission nucleus and considering the phase space 
available for the third particle, it was estimated to be 
about 2 MeV for an alpha particle, smaller by an order of 
magnitude compared to (B+Av). 

The total energy cost (E„) is pressumably made 
available for the light- charged-par tide release at the 
expense of the kinetic plus distortion energies of the two 
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main fragments at the moment of scission. The larger the 
amount of energy that must he transferred in this way from 
the fragments to the third particle, the smaller the proba- 
bility for the transfer process, and hence the yield of 
light-charged-particles is expected to be decreasing 
function of energy cost (E ) . The measured yield of the 
light- charged-particles (Z^.2) are found to be related to 
E c by the following expression*, 

y cC exp(-B c /T) (1.5) 

where T is the nuclear temperature. From observed neutron 
spectra in low-energy fission, T is known to be about 1 MeV 
at scission. The observed triton yield is, however, about 
a factor of 10 less than that expected from Eq. (1.5). For 
protons and deuterons the case is even worse. The unique 
scission point configuration derived from the recent 
experimental results on the various correlations between 
fission fragment mass, kinetic energy and alpha particle 
energy and angle may give clear evidence for Halpern's model. 

(iv) Statistical model 

The statistical model of fission [48] assumes the 
existence of a well-defined scission configuration, upto 
which non-adiabatic effects maintain statistical equilibrium, 
and beyond which no nuclear interactions occur between the 
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fission fragments. In the theory, the relative probability 

of different scission-configurations (characterized by mass, 

charge, deformation, and kinetic energy of the nascent 

fragments) is proportional to the density of translational 

and excitational states for said configuration. The relative 

probability of any mode can be calculated by knowing the 

excitation energies of the fission fragments at the time of 

scission which can be determined from the experimental results 

on the prompt neutron and gamma emission. 

Taking intial conditions of long-range alpha-particle 

252 

accompanied fission of Of based on statistical theory, 

Ertel [49] did some trajectory calculations. A good agreement 

with the experimental results for angular distributions was 

obtained. More refined trajectory calculations on this line 

were carried out by Tong [50-51] and Brown and Tong [ 52 ] for 

252 

long-range alpha-particle accompanied fission of Of and 

235 

thermal neutron induced fission of U. The results of these 
calculations on (a) the angle of the alpha particle with the 
fission fragment as a function of the mass number of the 
fragment, (b) the kinetic energy of the alpha particle as a 
function of the mass ratio of the fission fragments, and (c) 
the total kinetic energy of the two main fragments as a 
function of the mass ratio of the fission fragments are in 
good agreement with the experimental results. 

In 1971 > P. Tong [53] applied the statistical theory 
of fission to the ternary fission to estimate the probability 
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of long-range alpha— particle accompanied fission relative to 
tiie binary fission. According to this model, the relative 
probability for a scission configuration with a specific 
charge and mass division is a function of the excitation 
energy of the system at the scission point and the level 
density parameters of the two fission fragments. The relative 
probability of LRA to binary fission was given by the 
expression”, 

_ ^RA 4 ! 1 " ¥ [(a i +a 2 )E DRA rl/2 } ex ? 2[(a i +a 2 )E DRA rl/2 

Eb 1//4 |i - ^•[(a 1 +a 2 )E B ]“ 1/2 jexp 2[{a 1 +a 2 )E B ]” 1 / 2 

( 1 . 6 ) 

where E's indicate the excitation energy of the system at the 

scission point, a^ and a 2 are the level density parameters of 

the two fission fragments. Using the experimentally obtained 

values of a^» a 2 , a-/, a 2 ,. Egg^ and Eg for thermal neutron 

induced fission of U, Fong found PgR^/Pg to be equal to 

(1/461) which agrees well with the experimental value of 

(1/449+30). The value of this ratio for spontaneous fission 
252 

of Gf was found to be about (1/L49) which is about a 
factor of two larger compared to the experimental value of 
(1/299+18). This disagreement is not understood. 

A practical problem with this model is that the 
evaluation of the probability expression requires fragment 
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deformation energies and level densities at deformations where 
direct experimental information is not available and therefore 
it involves a lot of empirical parameters. 

The trajectory calculations based on the statistical 
theory of fission [49-52] predicted that the initial energies, 
of fission fragments and the initial alpha particle energy 
have very low values (E^ ^ 1 MeV and E° ^0.5 MeV). Apart 
from these, some other trajectory calculations [28,54,55] 
have also been carried out to reproduce the experimental 
observations such as the alpha particle energy distribution, 
angular distribution and various other correlations between 
fission fragment characteristics and those of alpha particles. 
These calculations have predicted very large values of initial 
energies of fission fragments and alpha-particles (T^^25 - 
40 MeV and 3 - 4 MeV) instead of small values as 

predicted by statistical theory of fission. 

1.5 Motivation _of_ the Present Work 
The yield of long-range alpha-particles has been 

2 

observed [ 56 ] to increase with the fissility parameter (Z /A). 
Since the deformation increases with Z /A (as indicated by 
liquid drop model), the yield is directly dependent on the 
extent of the deformation at the scission point. 

As mentioned in the Section 1.2, the emission 
probability and the energy distribution parameters such as 
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average energy and width of different light-charged -particles 
W also he affected by the spin and parity of the transition 
states (saddle point states). V/agemans and Deruytter [57-59] 
made measurements on the yield of long-range alpha-particles 
emitted from neutron induced fission of 255 U, 259 Pu and 241 Pu 
in the neutron energy region from thermal to 50 eV and found 
that the ratio of long-range alpha-particle accompanied 
fission to binaiy fission varies from resonance to resonance. 
They observed that the ratio of LRA accompanied fission to 
binary fission for some of the resonances has very low value 
while very high for others. The measurements of Melkonian 
and Mehta [20] and Schroder et al. [ 60 ] have also shown the 
variation of LRA emission probability from resonance to 
resonance. 

Krishnarajulu et al. [6l] studied the light- charged- 

235 

particle accompanied fission of U induced by neutrons of 
energies in the region from thermal to 1 MeV. The yields of 
long-range alpha-particles and tritons and the energy 
distribution parameters of alpha particle energy spectrum at 
various incident neutron energies were determined. The alpha 
particle yield showed some structure around neutron energy 
of 200 keV. At higher neutron energies (E n ^500 keV) the 
alpha particle yield was found to have the same value as 
that of thermal neutrons. The most probable energy and the 
width of alpha particles did not show any appreciable 
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variation with, the neutron energy. The IRA yield structure 
around E n = 200 keY was attributed due to the change in the 
parity of transition state of the fissioning nucleus (parity 
changes due to p-wave fission in this energy region). The 
yield of light-charged-particles having energies MeY 

was expected to contain tritons and therefore the triton 
yield was extracted from these events. The triton yield was 
found to increase with neutron energy and at E n = 500 keV, 
the yield was found to be about three times that of thermal 
neutrons. The yield showed a decrease tending towards the 
thermal value for neutron energies above 500 keV. In these 
measurements no particle identification was done. 

The present work is the extension of the previous 

r €1 i 

work carried out by Krishnarajulu et al. L-59-J. A multi- 
parameter study of protons, tritons and alpha particles has 

235 

been carried out in the neutron induced fission of U for 
neutron energies in the range from thermal to 700 keV in the 
first part of the experiment. Tor particle identification, 
a semiconductor A E-E detector telescope was used. The 
fission fragments were detected in a thin layer ionization 
chamber. The main purpose of the present work was to study 
in detail the yields and energy spectra of different light- 
charged-particles such as protons, tritons and alpha particles 
in the neutron energy region from 100 ke? to 1 MeY. The 
results are presented and discussed in the Chapter II. 
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In the high neutron flux required for 1CP accompanied 
fission experiments, the radiation damage in the semiconductor 
detectors makes the use of these detectors very uneconomic. 
Since the solid state nuclear track detectors (SSNTDs) are 
unaffected "by beta particles, gammas and neutrons, we have 
developed a technique (known as the rear-etching technique) 
using a cellulose nitrate track detector (CHID) for studying 
the fine structure, if there is any, in the IRA yield in the 
neutron energy region from ICO keV to 500 keV. Phis technique 
is described in Chapter III. 

Using a cellulose nitrate track detector in conjunction 

with the rear-etching technique, we have performed measurements 

235 

on the IRA accompanied fission of U induced by neutrons m 
the range from thermal to 500 keV. These measurements are 
carried out at several neutron energies with small neutron 
energy spreads. The results are presented and discussed in 
.the Chapter IV. 

The results are summarized in the Chapter V. The 
conclusions derived on the basis of the present work are also 


discussed there 
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CHAPTER II 


MULTI PARAMETER J3TUDY < OF LI G-HT-OHARGED-P ARTICLES 
EMITTED IN EAST NEUTRON INDUCED FISSION OF , 255 U 

2.1 Introduction 

Once in every several hundred fission events, the 

fission fragments are accompanied hy an additional light- 

charged-particle. This particular mode of fission is termed 

as the light- charged-par tide accompanied fission (in short 

LCP fission). These particles were first observed in 1944 by 

Alvarez [l] in the case of thermal neutron induced fission of 
2S5 

U. Since then several studies have been carried out. 

Upto I960, the amount of information extracted about these 
particles was limited because of the limitations of the 
detectors available. The development of the surface barrier 
detectors and ^ E-E semiconductor detector telescope in early 
sixties led to a considerable amount of work on these 
particles and several types of light- charged-par tides like 
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protons, tritons and alpha particles etc. have been reported. 
These studies of light-charged-parti cl e accompanied fission 
are of particular interest to the theory of the fission 
process. The interest arises because the studies of the 
angular distributions of these light-charged-particles indicate 
that these particles are released in the space between the two 
separating fission fragments very nearly at the time of the 
actual scission of the fissioning nucleus. The probability of 
emission of these 1 ight- charged-parti cl es along with their 
energy and angular distributions are thus expected to carry 
information concerning the configuration of the nucleus at 
the time of scissiun. 

The motivation for the study of light-charged-particle 

emission in fission is manifold. Tor example, it is expected 

to throw light on (a) the existence and stability of neutron 

5 6 8 

rich nuclei like He , He and He etc., (b) the emission 
mechanism of different light-charged-particles from fissioning 
nucleus and (c) the scission point configuration. The review 
articles of feather [2] and Halpern [3] give the summary of 
the experimental work of the 1 ight -charged-parti cl e accompanied 
fission along with the various models proposed for understanding 
the emission of these particles in fission. 

Several measurements [4-12] have been carried out to 
study the effect of Z, A, spin and excitation energy of the 
compound nucleus on the emission probabilities of different 
light-charged-particles and to determine the correlations 
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between various characteristics of fission fragments, and 

light— charged-parti cles. The correlations among the fission 

fragment kinetic energy, mass, light-charged-particle energy 

and its angle with respect to the fission axis are needed in 

trajectory calculations to derive a unique set of parameters 

describing the scission point configuration. Some investigations 

have been carried out to study the dependence of yields and 

energy spectra of light- charged-parti cles on the spin and the 

excitation energy of the compound nucleus [4-10j. Recently, 

Krishnarajulu et al. [ll-12] performed some measurements on 

p^5 2 

the neutron induced fission of U and Pu and studied the 

variation of yields and energy distributions of tritons and 

alpha particles with neutron energy upto 1 MeV. We have 

13 4 

carried out a multiparameter study of H, "R and He particles 

235 

in the neutron induced fission of U for the neutron energy 

range from thermal to 700 keV. 

In this chapter, we shall first give a review of the 

previous experimental work carried out by various authors on 

the yields and energy spectra of different light- charged- 

252 

particles emitted from the spontaneous fission of Cf and 

233 235 239 

in thermal neutron induced fission of iJ, U and Pu. 
Section 2.3 describes the various particle indentifier 
techniques in brief. In Sections2.4, 2.5 and 2.6, a detailed 
description of the experimental method used in our measurements 
is given. fhe procedure of data analysis is. described in the 
Section 2.7. She results and discussions are presented in 
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Section 2.8. The conclusions drawn from the present study, 
are outlined at the end of the chapter. 

2.2 Review of Earlier Work 

The yields and energy distributions of tritons and 

pep 

alpha particles emitted from spontaneous fission of Gf were 

first reported by Watson [13] in 1961. He employed a gas 

filled proportional counter as ^ detector and a CSl(Tl) 

scintillation detector as E-detector. Wegner [14] made use of 

AE-E semiconductor detector telescope for particle 

identification and observed the emission of protons, deuterons, 

tritons, He and alpha particles from the spontaneous fission 
252 

of Of. Using radiochemical techniques, Horrocks [l 5 ] 

determined the absolute yield of tritons emitted from the 

252 

spontaneous fission of Of. In the subsequent year, the 
spontaneous emission of ^He from 2 ^ 2 Cf was reported by 
Whetstone et al. [l6j using /^E-E counter telescope consisting 
of two silicon semiconductor detectors. Since then a large 
volume of work has been carried out to study the yields, 
energy spectra, and angular distributions of different light- 
charged-particles (^H, 2 H,%,%e, ^He, °He, ®He, ^He, ^Li, ^Li, 
®Li, %ii, ^Be and "^Be etc.) emitted from spontaneous fission 
of 252 Cf [l7-20j , and from thermal neutron induced fission 
of 2 ^U [2lJ, 255 U [22-26] and 2 ^Pu [27-29]. In some of 
these investigations [17-20,22,28], the AE-E semiconductor 
detector telescopes were used to identify these light- charged- 
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particles. Andreev et al. [23 ,27] used a gridded multi-layer 
ionization chamber for particle identification which measured 


simultaneously the specific ionization (^} , the energy (E), 
and the range (R) of each particle. 7 or obi ev et al . [21 , 24 , 25 > 
29] and Kugler et al. [ 26 J carried out measurements on 


particle identification using a magnetic time- of-f light mass 
spectrometer which determines simultaneously the energy, 
time-of-flight over a fixed distance, 'and magnitude of Hf 
for each particle. 


from these studies, it is now almost established 
that the alpha particles form about 90 °/ 0 of the total 'light- 
charged-particles, tritons, and protons form about 6.5 % and 
2 ^ of the total light-charged-particles respectively. The 

fjj 

other light-charged-particles come out with compari tively 


very low probability. The relative yields of protons. 


deuterons, tritons and alpha particles emitted from thermal 

233 235 239 

neutron induced fission of "u , U and Pu and from 

p O 

spontaneous fission.of Of are summarized in the 'Table - 2.1(a). 
The most probable energies (E) and the standard deviations 
(a,-,) for these particles are given in the Table - 2.1(b). 

It is clear from the table that the most probable energies 
of alpha particles (S a ) lie between 15 MeV - 16 MeV, the most 
probable energies of tritons (IL) lie between 8-9 MeV and 
that of protons (E ) also lie between 8-9 MeV. Raisbeck 
and Thomas [19] observed that, except protons, all other 
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particles peaked at about 90° from the fission axis. Since 

the majority of the light-charged-particles consists of alpha 

particles, several multiparameter studies have been carried 

out to obtain correlations between mass, kinetic energy of 

fission fragments and alpha particle energy and angle to 

understand the emission mechanism of these particles. The 

most recent studies of this type are those of G-uet et al. [30] 

and Choudhury et al. [ 31 j - 

Drapchinski et al. [32], Thomas and whetstone [33], 

and Loveland et al. [34] carried out some measurements on the 

total yield of light-charged-particles at higher excitation 

energies of the compound nucleus. These results show large 

discrepancies, which may be understood in terms of second and 

third chance fissions taking place at higher excitation 

energies. However, if the yield is measured at those 

excitation energies where only first chance fissions contribute, 

then a clearer picture of the excitation energy dependence of 

235 

yield can emerge. Tor neutron induced fission of U, this 

neutron energy range is from thermal to about 5 MeV. In a 

measurement, Nadkarni and Kapoor [35] determined the light- 

charged-parti cl e (LCP) yields in the neutron induced fission 
235 

of U in the neutron energy region from thermal to 4 Me? 
with 1 MeV energy interval. They observed that the yield 
remains constant in this neutron energy region. The yields 
of tritium and alpha particles from neutron-induced fission 
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235 

of U from thermal to 700 keV region were determined by 

f luss et al. [36] using radiochemical techniqaes as well as 

,/^E-E detector telescope. The tritium yield was found to 

increase abruptly for fast neutron fission over thermal value 

and observed to be about three times that of thermal neutrons 

while alpha particle yield remained constant. In subsequent 

measurements at neutron energies of 0.75, 1.25, 1.50 and 

1.75 MeV, Nadkarni et al. [37] observed that the yield of light- 

charged-particles having energies above 12 MeV showed no 

variation with the incident neutron energy while the 1CP yield 

below energy 12 MeV showed a strong dependence on the neutron 

energy. .Recently, Krishnara julu et al. [ll] performed 

235 

measurements on the fast neutron induced fission of U 
employing a single semiconductor detector for light- charged- 
particle detection in coincidence with fission. These 
measurements were made for thermal, 120, 180, 500, 800 and 
10 20 keV neutron energies. The yield of light- charged- 
particles having energies above 12 MeV was found to show an 
increase of about 20 ^ above thermal value in the neutron 
energy region around 200 keV while at higher neutron energies 
the yield coincided with that of thermal neutrons. This 
component of light-charged-particles was attributed to alpha 
particles. In the data analysis, it was assumed that the 
yield of light-charged-particles having energies above 12 MeV 
is due to only alpha particles and therefore the LCP energy 
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spectra above 12 MeV were least squares fitted to Gaussian 

shapes. 'The triton yield was then obtained by deducting the 

alpha particle Gaussian tail from the total yield of light- 

charged-particles having energies between 6.5 MeV and 12 MeV. 

The tritcn yield showed a continuous increase with incident 

neutron energy upto 500 keV, at which its value became about 

3 times that of thermal neutrons. At neutron energies above 

500 keV , the yield showed a decrease tending towards the 

thermal value. In 1979 s Kri shnara julu et al* [l 2 J repeated 

these measurements for thermal and fast neutron induced 
239 

fission of Pu. The alpha particle yield showed a drop of 
about 14 % for the neutron energy region from 200 keV to 
350 keV as compared to that for thermal neutrons. In the 
other regions of neutron energy the alpha yield was found to 

be equal to the thermal yield. The triton yield was found to 

£ 

remain constant upto^ neutron energy of 500 keV and at neutron 
energies above 500 keV the triton yield was observed to be 
below the thermal value. 

It is realised that to understand the emission 
mechanism of light- charged-particles and to see the effect 
of spin and excitation energy of the compound nucleus on the 
emission probabilities of different light-charged-particles 

" -m . 

it is necessary to study the variation of yields, energy 
distribution parameters and angular distribution parameters 
of different light-charged-particles from neutron-induced 
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235 

fission of U with incident neutron energy. A multiparameter 
experiment was performed to study the yields and the energy 
distribution parameters of protons, tritons and alpha particles 
from neutron— induced fission of U. The measurements were 
carried out in coincidence with fission fragments at neutron 
energies*, thermal, 150, 180, 230 and 550 keV. For particle 
identification and proper discrimination of different light- 
charged-particles, a semiconductor Ae-B detector telescope 
was used. The method of particle identification and result 
of this experiment are described in the following sections. 

2.3 Particle^ Identifier Techniques 

The different types of charged particles produced in 
light-charged-particle accompanied fission can be identified 
by determining the atomic number (Z) and the mass number (A) 
associated with it. A complete determination of Z and A 
requires the measurement of the two quantities excluding the 
energy which are independent functions of Z and A. For 
non-relativistic particles, A = M and therefore M and Z need 
be determined with enough accuracy to separate the adjacent 
charged particle's. Several static as well as on-line 
techniques have been developed in the past two decades for 
particle identification. The static techniques, which include 
radiochemical, photographic and solid state nuclear track 
detector techniques [38], are of limited use. The on-line 
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techniques, however, oxter an ideal method for unique 
identification of nuclear charged particles. The semicon- 
ductor Ae-E detector telescope, time-of— flight (TOF) technique 
and magnetic mass spectrometers are the main on-line method for 
particle identification. 

Since the fractional differences between the adjacent 
small integers corresponding to M and 2 fur light particles are 
large, a semiconductor /^E-S detector telescope works satis- 
factorily giving good resolution. Fur heavy charged particles, 
the necessary resolution becomes difficult or even impossible 
to achieve with a detector telescope alone. ind therefore, 
sometimes, all the three (detector telescope, time- of- flight 
and magnetic mass spectrometers) techniques are combined to 
achieve necessary resolution for heavy-charged-parti d es. 

A detector telescope consists of a thin transmission 
( AE) detector for presiding a direct measure of ^ for a 
particular segment of a particles track and a thick (E) 
detector to measure residual energy of the particle. The 
detector thicknesses, are so chosen that the particles of 
interest pass through the front & E-detector, providing a AE 
signal, then completely stop in the rear E-detector. 

The two types of particle identifiers have been 
developed in the past making use of &E and E signals*, the 
multiplier type of identifier and the power-law type of 
identifier. The first type of identifier was developed from 
the simplified version of the Bethe-Block equation. For 
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non-relativistic ligiit-charged-particl es, 


dS 

dx 


aC'l 2 ) 


m (fO 


( 2 . 1 ) 


where a and b are constants that depend on the absorber 
material. If a detector of thickness Ax absorbs a very 
small fraction of the incident energy of a particle to produce 
a signal proportional to the energy loss £E, and a second 
detector absorbs the remainder of the energy E to produce a 
signal proportional to E then fur a bruad range of energies 
and types of particles the final form of the function used in 
multiplier type of identifier is 


(E + E q + k AEJ AS a MZ 2 Ax 


( 2 . 2 ) 


where E Q and k are parameters to be adjusted experimentally 
for optimum constancy of the particle identifier output as a 
function of energy. For AE<<fE, k equals 0.5 to good 
approximation. 

A majur difficulty with the multiplier type of 
identifiers is the need for experimental adjustment of 
parameters. Ihe use of empirical range-energy relation 
provides a better method for particle identification. Ihe 
empirical range- energy relation, 


P — a E 


n 


(2.3) 


was used in power-law particle identifier [39], .where 

U. ) . : « - 1'viPUhMZ 

CENTAL UBftAi 
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For particles ranging from protons to alpha particles 
in the energy region from 5 Me? to 50 Me?, the value of n is 
1.76 [40]. If a light-charged-particle deposits an amount of 
energy /\E in the first detector of thickness Ax of a telescope, 
then steps in the second detector depositing the remaining 
energy E, the range of the particle with energy (E +^E) is 
Ax larger than the range of the same particle with energy (E) 
and therefore, 


~ = C ( E + AE) n - E 11 ] 

or MZ 2 . Ax = [(E +AE) n - E n ] (2.4) 

.Knowing Ax and determining E and AE, the value of MZ^ can 
be obtained from eqn. (2.4) accurately. Since this method 
does not involve any arbitrary constants as in the other 
method (eqn. (2.2)), it has been used in the present study 
for particle identification. 

2.4 Exp erimen t al S e tup and 3 e tail s 

The experiment was carried out with the 2 MV ?an de 
G-raaff accelerator at the Indian Institute of Technology, 
Kanpur. This mechine is capable of providing positive ion 
beams (protons, deuterons and alpha particles) upto about 
100 pA with an energy resolution better than + 4 ke? without 
any extra stabilization system. Beam spot of size less than 
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5 am in diameter was obtained at the target after focussing it 
with the help of quadrupole lens. Beam current at the target 
was monitored with a current integrator at the console. The 
schematic diagram of fche beam transport system is shown in 
Big. 2.1 along with the ionization chamber and the neutron 
counter assemblies. 

2.4.1 N eutr on Target Holder 

Big. 2.2 shows the neutron target holder assembly. 

It consists of a water cooled collimator and a target holder 
made of copper. The target was cooled by flowing chilled 
water through a copper tube wrapped around the target holder 
and around the collimator tube. With this assembly it was 
possible to use proton currents upto 50 pA at 2 MeV energy 
on the target without significant target deterioration for 
periods over 24 hours. The nuclear reactions, Li(p,n) Be 

•2 rz 

and :? H(p ,n) :? He, were used for neutron flux production. The 
lithium targets of about 10 keV thickness at proton energy 
of 2 MeV were prepared by vacuum evaporation of lithium 
metal on the copper backings. A lithium target on the 
aluminium backing, prepared simultaneously with the other 
targets on the copper backings, was used to determine the 
lithium target thickness accurately by measuring the shifts 
in the various aluminium resonances. Tritium targets were 
used for the production of higher energy neutrons. The 





Fig. 2.1. Schematic diagram of experimental setup. 
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tritium targets were obtained from the Isotope Division, 
Bhabha Atomic Research Centre, Bombay. Hie targets of 
activities upto 8 Ci were used in the present experiment. 
■.These targets consisted of titanium deposited on a copper 
disc in which tritium was adsorbed such that the ratio of 
number of atoms of tritium to that of titanium was 1:1. 'Ihe 
thickness of these targets in keV were determined as follows: 
Bor a tritium target of activity A (Ci) 

H = -\S = A (Ci) 

or N = 3*7 x 1C- "' 1 A disintegrations/sec. 


Thus the number of tritium and titanium atoms in the targets 
of activity A Ci is 


N = 


•z 7 x 10 10 „ 12.33 X 3.15 X 10 
3. z' x ±u x 0.693 


7 


A = 2.07x10 


19 


Ihe titanium is deposited over an area of diameter 
2 cm. Thus the thickness of the titanium layer would be 

= 2-P7 X 10« x 48 A = 0.523 Amg/om 2 

6 x 10 ^ x 

As the mass number of titanium (48) is very large 
compared to that of tritium (3), the protons lose most of 
their energy in titanium and hence using the energy loss 
rate of protons in the titanium in units of MeV/mg/cm , the 
net loss for any target of specified activity may be 
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calculated. The energy loss of protons in the titanium in 

2 

units of MeV/mg/cm can be obtained from tables [ 4-1 ] - As an 

example-, for protons of energy 2 MeV in a target of 8 Ci, the 

energy loss would be 155 keV and therefore the target 

thickness of a 8 Ci target to 2 MeV protons is about 155 keV. 

A long counter was used to monitor the neutron flux 

and the neutron target deterioration. It consisted of a BP, 

5 

counter axially embeded in a paraffin cylinder and was placed 
at a distance of about two meters away from the neutron 
target holder. The response of this counter for thermal 
neutrons is about 70 °/ of the response to 1 MeV neutrons 
[42]. Por neutrons of energy above 1 MeV, the counter has 
flat response. 

2.4.2 Detector ^Assembly 

A schematic diagram of the detector assembly is 
shown in Pig. 2.3* It consisted of three parts-, an ionization 
chamber filled with argon gas, A E-detector and E-detector. 

Q Q r Z C 

A 5 mg/cni ''u (93*9 % enrichment) source was used in the 

2 

measurement. It was over an area of 4 cm on a nickel 
backing. This source formed the cathode of the ionization 
chamber. An aluminium foil (of thickness^ 7 mg/ cm ) was 
placed at a distance of about 2 mm from the fissile source 
which served as the collector of the ionization chamber used 
to detect the fission fragments. The chamber was filled 



58 


NEUTRONS 


7 Li/ 3 H TARGET 


PROTON 

BEAM 



235 U SOURCE 

At COLLECTOR PLATE 

AE DETECTOR 
E DETECTOR 



ARGON GAS 


Fig. 2.3. Schematic diagram of the detector assembly. 
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with, a high purity argon gas to a pressure of about one 

atmosphere. The voltage on the collector was adjusted to 

give suitable fission pulses. The natural alpha particles 

and the fission fragments were stopped by the aluminium foil 

(collector foil) allowing only the light- charged-particles to 

pass through to the semiconductor /\ E— E detector telescope 

mounted close to the collector foil. The /iS— detector was 

a standard semiconductor ^ detector obtained from ORTEG. It 

had a thickness of about 64 microns. The E-detectors were 

standard silicon surface barrier detectors of 2 cm diameter 

and a depletion depth of 600 microns. These detectors had 

241 

an energy resolution of about 100 keV for 5.47 MeV Am 

alpha particles. The total thickness of A. E- and E-detector 

was sufficient (u^670 microns) to absorb tritons of energy 

16 MeY and protons of energy 11 MeV. Two pulsers, one for 

A E-channel and the other in E-channel , were calibrated in 

terms of the known energy outputs of A E- and E-detectors 

241 227 

using low intensity alpha source of Am and Up. These 
pulses were used for on-line calibration of the two detectors. 

2.4.3 Electronic Arrangement 

Eig. 2.4 shows the block diagram of the electronic 
system used in the experiment. The pulses from AH , - and 
E-detectors were amplified and fed to the timing single 
channel analysers to get the timing signals. The timing 
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Fig. 2.4. Block diagram of the electronic system used in the experiment. 
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signals were fed tn a time- to -pals e-height converter, the 
output of which was shaped and fed to the prompt input of 
the three parameter data acquisition system. The time 
resolution (2 t) was chosen to be about 1.0 psec. The 
ionization chamber pulses were also amplified and sent to 
one of the ADC's of the three parameter system. The three 
amplified pulses, from ionization chamber, AS- and E-detectors, 
were then recorded in coincidence mode onto a magnetic tape 
with the help of a three parameter data acquisition system. 

The fission and the light-charged-particle count rates were 
simultaneously monitored. The discriminator on the fission side 
was set to cut off the natural alphas ('-^6 MeV). The details 
of the three parameter data acquisition system is given in the 
next section. 


2.5 Three Parameter Data Acquisition System 

» 

Multiparameter systems play an important role in the 
studies of correlations between two or more parameters of the 
nuclear origin. These multiparameter systems may have an 
on-line computation facility. In the absence of an on-line 
facility, the digitised information can be recorded on a 
computer compatible magnetic tape. In the present experiment 
we have used a three parameter data acquisition system to 
process the analog pulses from the three detectors and the 
digitised data were recorded on a computer compatible 
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magnetic tape. Main features of the system are described, 
briefly in the following. 

.Che three parameter data acquisition system consists 
of three identical data acquisition systems, each made up of 
an Analog-to-Digital Converter (ADC) and a set of decade 
scalers for temporary stoi’age. The three ADC's can he used 
independently or programmed for operation under different sets 
of condition. Each ADC is capable of digitizing the information 
in 1000 channels. Each pulse is processed by ADC only if it 
satisfies certain amplitude and timing conditions. The 
amplitude conditions are set by the three potentiometers 
connected with each ADC, namely, the threshold potentiometer 
to set the 'zero' of the ADC, the sensitivity potentiometer to 
set the minimum acceptable level and to set the upper maximum 
acceptable level, an upper level potentiometer. The timing 
conditions are set by providing appropriate coincidence 
signals. i/fnen each of the three ADCs has stored a channel 
number (temporarily) on its scalers a common transfer command 
is generated. This command scans each scaler and transfers 
the addresses serially to the magnetic tape recording unit. 

This command also multiplexes the serial output with special 
information bits. The combined multiplexed information 
(serial output and special bits) is called one 'Word*. In 
our case, one word consists of twelve bits (or characters) 
i.e. three bits from each parameter corresponding to a 
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channel number (000 to 999) and three special character bits, 
-he serial converter produces a pulse called digit pulse for 
every character in the word. These digit pulses are also 
transferred in sequence along with the characters in the word 
for monitoring the data. The sequence of the characters and 
corresponding digit pulses are shown in Tig. 2.5. Besides 
digit pulses, the serial converter gives out a pulse, known 
as the word pulse for each word at the instant of a scan 
command. When a complete word is transferred to the magnetic 
tape recorder (MIR) , the three parameter system (3 PS) becomes 
ready to process another set of pulses. 

An interface is used to connect the 3 PS with the 
MIR. It has various circuits to generate different functions. 
The digit line circuit generates a signal to produce movement 
of the magnetic tape and a step command necessary for writing 
the data on the tape. The word counting circuit counts the 
word pulses from 3 PS and generates a signal at the end of 
each record which is counted by record counter. The number 
of words in a record can be fixed manually at 32, 64,128 or 
256. After each record the word counter gets reset 
automatically. The recording of data on the tape is in the 
Binary-Coded-Decimal (BCD) format. The MTR generates the 
parity bit necessary to make the vertical parity of each 
character even. This parity bit is recorded along with the 
character and checked. In checking, the vertical parity is 
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Fig* 2.5. Sequence of characters in each word recorded on 
the magnetic tape. 
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again generated from the recorded character and compared with 
the previously generated vertical parity. In the event of 
mis-match in these two vertical parity bits, the MIR generates 
a parity error signal. To monitor parity error signals the 
interface is provided with a Parity Error Counter circuit. 
Interface also generates beginning of tape (BOT), end of file 
(SOP), system reset and read/write command signals. The 
speed of serial transfer of digits from the 3 PS to the MTR 
is governed by a speed control circuit in the interface. The 
speed can be varied up to 600 characters per sec. 

The MTR records and consequently stores the digital 
data on a magnetic tape. There are three packing densities 
200, 556 and 800 BPI (bits per inch) available for writing 
and two packing densities 200 and 55 6 BPI available for 
reading. In the present experiment, the recording was done 
in the BCD format at 200 BPI. 

2.6 Experimental Procedure 

The pulses from ionization chamber, AS- and 33- 
detect'ors were recorded onto a magnetic tape with the help 
of the three parameter data acquisition system described above. 
The detector assembly was placed very dose to the neutron 
target holder. Neutrons of energies 120 keV and 180 keV 
were produced from ^Li(p,n)^Be reaction [43] and neutrons 
of energies 230 keV and 550 keV were obtained from 5 H(p ,n)%e 
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reaction [44]* The spread in the neutron energy was calculated 

using the aiergy loss and angular spread considerations. The 

235.. 

d target intercepted the neutron team in a cone of angle of 
30°. The energy spread, thus estimated, for 120 keV and 180 keV 
was about + 20 keV and that for 230 keV and 550 keV was about 
± 90 keV. Tor the production of thermal neutrons, a thick 
paraffin block ( thickness ^5 cm) was placed between the neutrcn 
target holder and the fission chamber. The total of eight 
'fast' runs, two for each of the four neutron energies, were 
taken. Each ’fast' run was preceded and followed by a thermal 
run. These thermal runs served as a monitor for possible 
drifts and also provided a normalization for the fast runs. 

The stability of the system was monitored frequently using 
on-line precission pulsers for A E- and E-detector channels. 
Because of the neutron damage the detector leakage current 
increases which reduces the bias on the detector since the 
voltage drop across the series resistance in the preamplifier 
increases. The reduction in the detector bias reduces the 
depletion depth of the E-detector hence resulting in the loss 
of high energy light-charged-particles. Therefore, the 
leakage current in the E-detector was continuously monitored 
and the bias was appropriately adjusted. When the leakage 
current become excessive detector was changed. The naitron 
target was also replaced when the neutron flux reduced after 
a long use. The average proton current used was about 30 pA 
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giving neutron flux ofv^vLO^ neutrons/cm^/sec. Hie fission rate 
was about 1.5x10 per sec. The average light-charged-particle 
count rate was about 150-200 per hour. Each 'fast* as well as 
'thermal' run consisted of about 5xl0 7 fissions. 

2.7 Data Analysis 

The three parameters recorded were : fission, AE- 
and E-detector pulses respectively. The data were analysed 
off-line on IBM-1800 and DEC-10 systems. 

Although the coincidence between ^E- and E-detector 
pulses used in the present experiment was necessary for 
detecting the light-charged-particles of fission origin in 
the semiconductor AE-E detector telescope but this coincidence 
condition did not prevent recording of some light- charged- 
particles of non-fission origin. The light-charged-particles 
in coincidence with fission were analysed by eliminating all 
riie events of non-fission origin as described below. 

2.7.1 Boise Elimination 

The determination of absolute energies of AE- and 
E-detector pulses for each event was carried out as follows: 

AE = a 2 x 2 + b 2 , 

E = A^X^ 
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where Xg and X^ are the channel numbers of second and third 
parameters respectively. a 2 , B 2 and A, , are the calibration 
constants for A E- and E- channels respectively. The calibration 
constants were determined using the channel numbers corresponding 
to the peak positions of the known energy alpha particles from 
the standard sources of ^^Am and ^ 7 Hp. The absolute energies 
of A E and E for each event were then used to obtain the 
particle identifier spectrum using the expression* 

PI = (E + As ) 1 * 76 - E 1 * 76 (2.5) 

A typical particle identifier spectrum for one of the 

thermal runs is shown in Fig. 2.6. The spectrum consists of 

three well separated peaks besides the low energy peaking 

due to noise. Using the thickness of the A E-detector and 

the known energy distributions for protons, tritons and alpha 

235 

particles from the thermal neutron induced fission of U 
l_22_|, a calculation was carried out to determine the expected 
regions for these particles in the particle identifier 
spectrum. The expected regions of protons, tritons and alpha 
particles are also indicated in the Fig. 2.6 by doubl e-head ed- 
horizonta! bars. The region below channel number five was 
attributed to the noise in the particle identifier spectrum 
and therefore the events above this channel number were 
analysed to study the various correlations. The compressed 
typical spectra for fission channel , A E- channel and E-channel 


69 


♦ 

! 


<zz ■ 


(/> 

z: A 

o? 

0:“ 

CL^ 


M A 

LU A 
—I ! 

U ; 

I — I 

cr { 
< ,* 
a. * 




• - 

* ; 

X « 




♦ ^ - 


< ! x: 

X . >. 


So 

lco 


x ; 

• l 

• 


JO 


cnA 

2: 

o ?i 

1— f 

a: ? 
►-¥ 


-rf! 




;p 

>fM 


> * 


or 

LU 

CD 


LU 


< 

X 

o 

cz 

LU 

La 


LU 

Q 

LU 

_J 

U 

b- 

DC 

< 

CL 


E 

27 

L» 

u 

0 

Cl 

L- 

Ci> 


c 

G> 

32 

V 


o 

CL 


o 

u 

'cl 

> 


CO 

c4 

g> 

La 


o 

o 

o 

CD 


i 


O 

o 

o 

-<r 


3S10N 

,4. 


I 

o 

o 

o 

rw 


simoo do ddawnN 



70 


for the above thermal run after eliminating the noise are 
shown in Pig. 2.7. Similar spectra for all the fast as well 
as thermal runs were obtained to check the overall consistency 
of the recording system. 

2 , 7.2 Elimination of Events of ^Npn— fission Origin 

The light- charged-particles of non-fissiun origin 

could be due to (n,p), (n,oc), (a,p) etc. nuclear reactions 

with the various elements present in the detector assembly 

chamber. These could be eliminated by forcing a coincidence 

with fission pulses of above a certain amplitude. The fission 

spectra were used to eliminate the light-charged-particles 

(events) of non-fission origin from the various neutron energy 

runs. Keeping various biases in the fission channel, the 

particle identifier spectra were obtained. Pig. 2.8 shows a 

typical particle identifier spectrum for a thermal run without 

and with bias corresponding to channel 90 in the fission 

spectrum. The areas under different peaks in the particle 

identifier spectrum give the yields of the three particles 

separately. The ratio of triton to alpha and proton to alpha 

particle yields thus were determined at various biases in 

the fission channel for all the fkst and thermal neutron runs. 

These ratios for a typical thermal run are listed in the 

* 

Table - 2.2 and are shown in Pig. 2.9* 
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Table 2.2 Ratios ox the yields of tritons and protons to 
alpha particle yield for various biases in the 
fission channel for a thermal neutron induced 
fission run. 

fission Bias Triton to Alpha Particle Proton to Alpha 

(channel no.) field Particle field 


0 

0.131 

± 

0.004 

0.970 

+ 

0.012 

10 

0.131 

+ 

0.004 

0.970 

+ 

0.012 

20 

0.131 

+ 

0.004 

0.970 

+ 

0.012 

30 

0.131 

+ 

0.004 

0.970 

+ 

0.012 

40 

0.131 

+ 

0.004 

0.970 

± 

0.012 

50 

0.100 

+ 

0.007 

0.580 

± 

0.012 

60 

0.090 

+ 

0.007 

0.510 

± 

0.010 

70 

0.086 

+ 

0.006 

0.180 

± 

0.009 

80 

0 .075 

+ 

0.00 6 

0.120 

± 

0.008 

90 

0.070 

+ 

0 . 00 6 

0.092 

± 

0.007 

100 

0.070 

+ 

0.006 

0.092 

+ 

0.007 

110 

0.073 

+ 

0.007 

0.090 

T 

0.007 

120 

0.073 

± 

0.007 

0.095 

+ 

0.007 

130 

0.070 


0.007 

0.094 

+ 

0.008 

140 

0.067 

± 

0.007 

0.093 

+ 

0.008 

150 

0.068 

± 

0.007 

0.090 

+ 

0.008 

160 

0.072 

± 

0.007 

0.099 

+ 

0.009 

170 

o 

o 

« 

o 

± 

0.007 

0.092 


0.009 



riton Yield /Alpha particle Yield Proton Yield/Alpha particle Yield 
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BIAS IN FISSION CHANNEL 

Fig. 2.9. The plot of the ratios (a) triton yield to alpha particle yield 
and (b) proton yield to alpha particle yield as functions of 
fission channel bias for a thermal run. 
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To eliminate the light-charged-particles originating 
from the non-fission events, a certain "bias (at 90) in the 
fission channel was incorporated which was chusen such that 
beyond this the ratio of triton to alpha and proton to alpha 
particle yields remained constant within the statistical 
errors for each run. The constancy cf ratios for higher 
fission biases indicates that the region of the fission 
spectrum above channel 90 is due to only the genuine fission 
events while the lower region of the fission spectrum 
contains a mixture of the events of fission and non-fission 
origin. 


2.7*3 Energy -1 o s s C u r r e c tion 

The energy distributions of protons, tritons and 
alpha particles for various neutron energy runs were obtained 
using the particle identifier spectra after eliminating the 
particles of non-fission origin. These dis cributions 
correspond to different peaks in the particle identifier 
spectra assigned due to protons, tritons and alpha particles 
and were corrected for the energy losses in the argon gas 
of the chamber and aluminium collector foil using the tables 
of Horthcliff and Schilling [4lJ* The energy loss correction 
was carried out in tlie following manner* 

Since the exact thickness for energy loss correction 
was not known, the equivalent thickness of aluminium was 
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determined by ensuring that the observed must probable energy 
of alpha particles in one of the thermal neutron runs comes 
at the known value [35] of 15 MeV. The estimated equivalent 
thickness of aluminium was found to be = 8.4 mg/cm^ which was 
used to determine the initial energies of the particles from 
the residual energies. The curves for obtaining the initial 
energies from the residual energies for protons, tritons and 
alpha particles for above mentioned equivalent thickness are 
shown in Pig. 2.10. Pig. 2.11 shows the uncorrected and 
corrected energy spectra for the three light- charged-particles 
in a typical thermal run. 

2.7-4 Total I i eld s De t erm in a ti o n 

Prom Pig. 2.11, it is clear that the corrected energy 
spectra for protuns, tritons and alpha particles have energy 
cut offs at 3-5 MeV, 6.5 MeV and 11.5 MeV respectively. The 
yields, determined from the particle identifier spectra were 
therefore the partial yields of these light-charged-particles. 

The total yields (extrapolated yields) of these 
light- charged-particl’es were determined using the energy 
distribution parameters obtained by least squares fitting 
to the Gaussian shapes in the following expression 

r iotal - ***■ °- H (2 - 6) 

where a is the standard deviation and H is the peak height 
of the Gaussian distribution. 



RESIDUAL 



INITIAL PARTICLE ENERGY (MeV) 

Fig. 2.10. Residual particle energy as a function of initial particle 


energy for equivalent thickness of aluminium (~8.4 mg/cm 2 ) 
for alpha particles, tritons and protons. 
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2*8 Results and Discussion 

Tlie particle identifier (PI) spectra, for the thermal 
neutron induced fission run and for the fast neutron induced 
fission runs are shown in Pig. 2.12. Each spectrum consists 
of three well separated peaks. The peaks corresponding to 
protons, tritons and alpha particles were identified by 
carrying out a Monte Carlo calculation for the present 
geometrical configuration of the source detector assembly and 
using the known energy spectra [22] of these particles in the 
thermal neutron induced fission. The observed broadening of 
the peaks in the PI spectra is mainly due to the dispersion 
in the track lengths traversed by the ^articles in 'the AS 
detector in the compact geometry employed in the present 
experiment. The yields and energy spectra of different light- 
charged-particles were obtained by taking the events corres- 
ponding to the different peaks in the particle identifier 
spectra. The results on the yields and energy distribution 
parameters of different light-charged-particles in the thermal 
runs taken at different times are presented and discussed 
first. The average values and the maximum uncertainties in 
their determination were determined. The results on the 
yields and energy spectra of different particles for various 
incident neutron energies are then presented. 
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2»8*1 fields and Ihergy Distribution Parameters 

Pbe analysis of the various thermal runs taken at 
different times was carried out as described in the "section 
2.8. The results thus obtained in the three typical thermal 
neutron energy runs are presented and discussed here. 

The yields of alpha particles, tritons and protons 
for the three thermal runs are listed in the Table -2.3 
after normalising the observed alpha particle yield for one 

of the thermal neutron runs to the known [lOj absolute value 

-3 

of 2x10 per fission and then normalising other runs with 
respect to the normalised run. The yields of tritons and 
protons per hundred alpha particles are given in the fourth 
and fifth columns respectively. The average yield of tritons 
relative to that of alpha particles is found to be 6.78+0.82 
percent which is in agreement with the earlier studies [22]. 
The average yield uf protons is seen to be 9*35+0.76 percent 
of that of alpha particles which is significantly larger than 
the reported values in most of the earlier measurements [22, 
24]. Since the present results were obtained with fission 
coincidence, the observed higher yield of protons canjiot be 
due to any (n,p) reactions caused by the incident neutrons 
in the materials present inside the detector assembly. The 
contribution to protons due to fission neutrons was estimated 
to be negligible. The reason for such higher yield of 
protons obtained in the present measurement will be discussed 



Table -2.3 Yields of alpha particles, tritons and protons in the three thermal 
neutron induced fission runs taken at different times. 
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later. 

Ihe most probable energies (E) and. the standard 

deviations (c^,) for alpha particles, tritons and protons were 

obtained by least squares fitting to the Gaussian shapes of 

the energy spectra and are listed in Table - 2.4. The mean 

most prcbaDle energies and the mean standard deviations with 

the maximum uncertainties in their determination in the 

present experiment are also listed in the Table - 2.4. The 

most probable energy of tritons is found to be about 8.65 MeY, 

which compares well with the earlier measured vaLues [22] fur 

235 - 

thermal neutron induced fission uf U. However, E is a 

P 

little lower than the earlier reported values [22] of 8.2 MeV. 
This is because the depletion depth of the detectors used was 
enough to absorb only about 11 MeV protons. 

The maximum deviations in the values of the yields 
and the energy distribution parameters in the thermal neutron 
runs, which represent the uncertainties in their determination 
in the present experiment, are indicated in all the following 
figures by means of hatched areas. 

2.8.2 Alpha Particles 

The energy distributions of alpha particles in the 
thermal and the various fast neutron induced fission runs are 
shown in Pig. 2.13. The low-energy cut-off in the energy 
spectra is due to the energy loss of alpha particles in the 
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aluminium foil, the argon gas of the ionization chamber and 
the AS detector and is found to he about 12 Ke7. These energy 
spectra were least square fitted to Gaussian shapes and the 
energy distribution parameters, namely the most orobable energy 

(-^cP an( ^ s ^ an( 3-ard deviation (c„ ) were thus determined. 

_ a 

The values of E a and o E for different incident neutron 

a 

energies are listed in Table - 2.5. The variations of E a and 

o E with incident neutron energy are shown in Fig. 2.14. As 
a 

mentioned earlier, the hatched areas shown in the figure 

correspond to the uncertainties in the values of Fi and a™ 

oc 

a 

for the different thermal neutron induced fission runs taken 

at different times. It is seen from the figure that there is 

no striking difference in the values of E and cr_ in the fast 

a E a 

neutron induced fission as compared to their values in the 
thermal neutron induced fission. However, E^ shows a slightly 
increasing trend beyond E n = 230 keV. In an earlier measure- 
ment, Krishnarajulu et al. [ll] observed an increase of about 
1 MeF in the value of E a in the energy range from 200 keV 

to 700 keV while is observed to be insensitive to the 

E 

a 

variation in the incident neutron energy . 

The yields of alpha particles for different neutron 
energies were obtained from the number of counts observed 
beyond the energy cut-off value of 12 MeV. 'The results on 
the yields of alpha particles per fission after nonnalising 
the observed yield for the thermal neutron induced fission 
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Table 2.5 The most probable energy and the standard 
deviation of alpha particle energy distri- 
butions for various incident neutron 
energies. 


Neutron Energy Most Probable Energy 

(E a ) 

(keV) (MeV) 


T HEMAL 
150 + 20 
217 ± 20 
230 + 90 
550 + 90 


14. 85 + 0.25 
15.50 + 0.12 
15. 80 + 0.09 
16.24 + 0.22 

15.86 + 0.17 


Standard Deviation (a„ ) 

■^a 

(MeV ) 

4.30 + 0.12 
4.03 + 0.03 
4.00 + 0.02 
4 ..37 ± 0.05 
4.36 +0.04 


Table - 2.6 fields of alpha particles, tritons and protons 
for various incident neutron energies. 


Neutron Energy 

^ alpha 

Y 

tri ton 

(xlO 4 ) 

y 

proton 

(xlO 4 

(keV) 








thermal 

2.00 

+ 0.040^ 

1.40 

+ 

0.110 

1.84 + 

0.121 

150 + 20 

2.66 

+ 0.083 

2.07 

+ 

0.230 

3.14 ± 

0 . 290 

217 ± 20 

2.26 

+ 0.044 

2.33 

+ 

0.160 

3.19 ± 

0.189 

230 + 90 

2.58 

+ 0.064 

3.00 

+ 

0.460 

7.20 + 

o 

• 

o 

550 + 90 

1.94 

+ 0.080 

4.82 

+ 

0.213 

17.64 ± 

0.401 

^ ¥L r tf 

- ■-- - - - 

- — 

- - • 


’ - w - - 





(MeV) ,CMcV) 


30 



NEUTRON ENERGY (kcV) ; 

Fig. 2.14. Variation of (a) the most probable alpha particle energ 
(E tf ) and (b) the standard deviation (or Erf ) with incident 
neutron energy. 1 
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to the known [10] absolute value of 2xl0 -5 per fission are 
snown in Jig. 2.15(a). It is seen from the figure that there 
is some structure in the yield of alpha particles around = 
200 keV, with the yield being higher by about 20 % at this 
neutron energy as compared to the value for the thermal 
neutron induced fission. At E n = 550 keV, however, the alpha 
particle yield coincides with the thermal neutron value. This 
result is in good agreement with the earlier measurement [llj 
in which a similar structure was alsu observed in the yield 
of light-charged— particles beyond 12 MeV. At neutron energies 
between 500 keV and 1 MeV, Krishnarajulu et al. [ll] found 
this yield to be the same as that for thermal neutrons. 

Beyond E = 1 MeV, the yield was also measured [37] and was 
found to be equal to that for thermal neutron induced fission 
within the limits of error. 

The increase in the yield around E n = 200 keV can not 
be attributed to any excitation energy dependence since the 
change in the compound nucleus excitation energy is very 
small and the yield does not vary monotonically with neutron 
energy. Moreover, previous measurements [ll,37] showed that 
the yield for neutron energies above E n = 600 keV is the same 
as that of thermal neutron fission. In the thermal neutron 
fission (s-wave fission) of U (-t, ) the states 3 and. 4 
are accessible to the fissioning nucleus and at neutron 
energies around E = 200 keV, the p-wave contribution to 
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Fig. 2.15. Variation of (a) alpha particle yield; (b) triton yield 
and (c) proton yield with incident neutron energy. 
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■fclie fission cross section is expected to dominate and the 
states 2,3,4 and 5 are accessible to the fissioning 
nucleus. At still higher neutron energies, the higher partial 
waves also contribute to the fission cross section and 
therefore the states of both parities are accessible to the 
fissioning nucleus at higher neutron energies. Thus the 
increase in the yield of alpha particles around E n = 200 ke? 
may be associated with the increase in relative number of 
fissions proceeding via the even parity states populated by 
p-wave interaction at these energies. Since the positive 
parity states lie lower (^o0.6 MeV) than the negative parity 
states, the extra energy available at the saddle point in 
the p-wave fission can go into the degrees of freedom such as 
deformation, fragment kinetic energy, fragment excitation 
energy or into light-charged-particle emission. An increase 
in the number of prompt neutrons in p-wave fission at these 
neutron energies as compared to that for thermal neutrons 
[45] evidenced that the extra energy may go into the excita- 
tion energy of the fission fragments. The higher yield of 
alpha particles in this energy region indicates that the 
extra energy may also be available for alpha particle 
emission. At higher neutron energies, the averaging over 
a,ll the fission channels takes place in such a way that the 
yield equals to that for thermal neutrons. 



I.n a measurement for the case of 


239 Pu a [12] 

Krishnarajulu et al ♦ observed a drop in the yigiq. of alpha 
particles for the neutron energies in the range from 200-400 
keV. At these neutron energies the domination of the p— wave 
interaction provides negative parity state (l“ state) 
accessible to the fissioning nucleus. Since the negative 
parity state (l state) lies higher [45] than the 0 + ground 
state, the energy available for light- charged-par tide 
emission reduces and hence a drop in the yield of alpha 
parti cles. 

To establish the fission channel- effects on the yield 
of alpha particles more firmly, the measurement with better 
neutron energy resolution is required. The radiation damage 
due to neutrons makes the use of surface-barrier detectors 
impractical. rie have used cellulose nitrate track detector 
to study the fine variation of yield of alpha particles as a 
function of neutron energy in the range 150-4 5C keV . These 
results are presented in Chapter IV. 

2*8*3 Tritons 

Pig. 2.16 shows the ere rgy spectra of tritons for 
various incident neutron energies. The low-energy cut-off 
in the energy spectra is seen to be about 6.5 MeV. These 
spectra were least square fitted to the Gaussian shapes. 

The results on the most probable energy (E^) and the 
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Fig. 2.16. Triton energy distributions for various incident 
neutron energies. 
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standard deviation (c ) are listed in the Table - 2.7. The 

variations of and with the incident neutron energy are 

shown in Pig • 2.17* It is seen from the figure that there 

is no noticeable variation in the values of ]L and a with 

t 

the incident neutron energy. 

The results on the yields of tritons for ther mal and 

various fast neutron induced fission runs are shown in Pig. 

2.15(b). It is seen that the yield of tritons for thermal 

neutron fission is about 6.5 percent of that of the alpha 

particles, which is in agreement with the earlier known values 

[22]. The yield, however, increases significantly at higher 

neutron energies such that at E n = 550 ke'V, it is about 3.5 

times that of the thermal neutron induced fission. 

Pluss et al. [36] had earlier observed an abrupt 

increase in the yield of tritons in the fast neutron induced 
235 

fission of U above E n = 130 keV by a factor of about 2 to 

3 times that for thermal neutron induced fission. They had 
remarked that their data were not sufficiently precise to 
establish the energy dependence of the yields they observed. 
The present measurements, show that the yield of tritons 
increases gradually with the incident neutron energy. In an 
earlier measurement [ll] from our lab, the yield of tritons 
at E n = 500 keV was found to be about three times that of the 
thermal neutron fission, beyond E n = 500 keV the yield was 
found to be decreasing but to be always higher than the 
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Table - 2.7 The most nrnhahi Q 

energy and the standard deviation 
of tritons for various incident neutron energies. 

Neutron Energy Moat’We Tkergy (\) standard Deviation^ ) 
(keV) /- — 2- 


THERMAE 
150 + 20 
217 + 20 
250 + 90 
550 + 90 


(MeV) 

8.65 + 0.21 
8.55 + 0.20 
7.89 + 0.15 
9 .10 +0.45 
8.82 + 0.16 


(MeV) 

2-75 + 0.21 
2*44 + 0.05 
2.91 + 0.05 
3.10 + 0.16 
2-70 + 0.05 


Table - 2.8 


The most probable energy and the standard deviation 
of protons for different incident neutron energies. 


Neutron Energy 
(keV) 


Most Probable Energy (E ) Standard Deviation (a 


(Me?) 


(MeV) 


THERMAE 

6.80 

+ 

0.26 

l — 1 
00 

f 

H 

+ 

0.08 

150 

± 

20 

6.80 

+ 

0.35 

1.84 

+ 

0.12 

217 

± 

20 

6.92 

+ 

0.20 

1.78 

+ 

0.09 

o 

Kh 

CvJ 

± 

90 

6.72 

+ 

0.16 

2.17 

+ 

0.06 

550 

± 

90 

6.66 

+ 

0.13 

2.40 

i 

0.05 


E 
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Fig. 2.17. Variation of (a) the most probable triton energy (Et ) 
and (b) the standard deviation (OEt ) with incident 
neutron energy. 
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thermal value. Although the method used in the earlier 
experiment to extract the triton yield was not quite 
satisfactory, th^se results agree well with the present 
results. 

Dhe variation in the yield of tritons with the 
incident neutron energy is altogether different in nature as 
compared to that of alpha particles. The striking increase 
in the yield of tritons at higher incident neutron energies 
can not be explained by the existing models of emission 
mechanism of light-charged-particles in fission [2,3]. These 
results will be further discussed below along with the results 
obtained for protons. 

2.8.4 Protons 

As mentioned earlier, the yield of protons observed 
in the present experiment for the case of thermal neutron 
induced fission is significantly higher than the previously 
reported values [22]. Phis difference can arise due to the 
present experimental geometry used for detection of the 
fission fragments and light-charged-particles. The fission 
fragments emitted at angles close to 90° with respect to the 
mean direction of the light-charged-particle detection in 
the iiE-E detectors, have a lower efficiency of detection 
in the ionization chamber, due to the fact that at these 
large angles, the fragments get stopped in the thick source 
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foil used in "the present experiment. The detection efficiency 

of the fragment s in the ionization chamber was estimated by 

carrying out Monte Carlo calculations with the known fission 

fragment light— charged-particle angular correlations and for 

the equatorial emission of alpha particles, it was found to 

be only 20 % . This reduction in the events corresponding to 

the equatorial emission of alpha particles results in a 

relatively greater weightage to the polar particles. Since 

the polar alpha particles constitute a very small fraction 

o 

2 /q ) of the equatorial alpha particles, this does not 
cause any appreciable change in the observed energy spectra 
of alpha particles. But since the ratio of the yield of 
protons to alpha particles in the case of polar emission is 
about 20 times more than that for equatorial emission [46] 
the observed yield of protons is significantly enhanced. The 
earlier measurements [22] for the proton yield correspond to 
only equatorial emission, whereas the present measurement 
includes both the types of events. 

Since the ratio of the yield of tritons to that of 
alpha particles in the case of polar emission is about the 
same as that for equatorial emission [46], the reduction in 
the events corresponding to the equatorial emission resulting 
in greater weightage for the polar particles does not change 
the observed energy spectra of tritons appreciably. The 
yield, however, remains same for thermal neutron induced 
fission as reported earlier. 
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The results on the energy spectra of protons for 

different incident neutron energies are shown in Pig. 2.18. 

Ihe cut-off in the energy spectra is seen to he about 3.5 MeV. 

The most probable values of energy (E ) and the standard 

deviation (a ) of the energy spectra, obtained by least 
.P 

squares fitting to the (Gaussian shapes, are listed in the 

Table - 2.8. The variations of i and a- with the incident 

P p 

neutron energy are shown in Pig. 2.19. The average energy 

of protons in the thermal neutron fission is about 6.8 MeV, 

which is slightly lower than the earlier reported values [22] 

of about 8.2 MeV. This, as mentioned earlier, is because the 

depletion depth of the detector used was enough to absorb 

only 11 M.eV protons. However, we can say that there is no 

significant variation of and ou with the incident neutron 

P E p 

energy. 

The results on the yield of protons for various 
incident neutron energies are shown in Pig. 2.15(c). In many 
of the earlier measurements [17-19], the determination of the 
yield of protons in fission has been marked with difficulties 
due to the contributions from (n,p) reactions and a few 
experiments [18] indicated the presence of two or three 
components in the energy spectra of protons. In the present 
experiment, since the fission coincidence was ensured, any 
contribution due to (n,p) reactions can only be due to the 
fission neutrons* file possible such reaction is Al(n,p) Mg 
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Fig. 2.18. The proton energy spectra for various 
incident neutron energies . 
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Fig. 2.13. Variation of (a) the average proton energy (Ep) and 
(b) the standard deviation (0*i p ) with incident neutron 


energy. 
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in our measurements which can interfere with fission protons. 
The contribution of these events was estimated to be negligible 
(^0 . 5 / 0 ). It is seen from Fig. 2.15(c) that the yield of 
protons increases very strongly with neutron energy. The 
yield at E n = 550 keV is about ten times that for the thermal 
neutron fission. Such a strong increase in the yield of 
protons at higher incident neutron energies can be due to the 
increase in either the polar events or the equatorial type 
of events. The emission mechanism of polar particles has been 
assumed to be different [46] from that of the equatorial 
particles and the present results should prove to be important 
in the investigation of the true origin of these particles. 

In the same way, the increase in the yield of tritons at 
higher incident neutron energies can also be either due to 
the polar or the equatorial type of events. Further experi- 
ments are under progress to resolve the polar and the 
equatorial type of events. 

2.8.5 Relative m fields 

the yields of alpha particles, tritons and protons 
per fission for various incident neutron energies are 
tabulated in Table - 2.6 and the yields of tritons and 
protons per 100 alpha particles are listed in the Table — 

2.9* The first and third columns of Table — 2.9 represent the 
observed yields of tritons and protons per 100 alpha particles 



'Table - 2.9 Relative yields of tritons and protons per hundred alpha particles 
for various incident neutron energies. 
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respectively. The extrapolated total yields of alpha' particles, 
tritons and protons were obtained as described in the section 
2.7*4. Ihe extrapolated yields of tritons and protons per 
100 alpha particles are also given in the second and fourth 
columns of Table -2.9 respectively. 


Previous studies [3] have related the yields of 

light— charged— parti cl es to the calculated release energy, 

defined as the energy cost of producing and placing a third 

particle between the two parent fission fragments. The 

release energy^ is the sum of the binding energy of light- 

charged-particle to its mother fragment, the change in 

Coulomb’ potential and the initial kinetic energy. All the 

light-charged-particles emitted from thermal neutron induced, 
235 

fission of U, having Z^4, have shown a systematic 
dependence of yield with calculated release energies which 
can be expressed as 


y cC 


-V 1 


( 2 . 6 ) 


where T is a constant. The yields of other light- charged- 
particles (Z<^4) do not follow the above relationship. Por 
example, the triton yield is about a factor of 10 less than;, 
the expected value based on’ calculated release- energy . 

The present results on the unusual increase in the 
relative yields of protons and tritons with incident neutron 
energy can be interpreted on the basis of the potential 
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energy change encountered by the light particles in fast 
neutron fission. According to the Halpern’s Sudden Snap 
model, the change may be more sudden in fast neutron fission 
as compared to that in thermal neutron induced fission for 
lighter particles and therefore the transfer of energy to 
protons and tritons etc* seems to be more efficient than 
alpha particles. The present results indicate that, if the 
equation (2.6) is valid for particles Z<^4 also, the effec- 
tive release energy for protons or tritons decreases by a 
large factor at higher incident neutron energies while the 
release energy for alpha particles does not change much. 

This poses a question as to how the release energies for 
prutons and tritons are very sensitive functions of small 
changes in the excitation energy while it is not true for 
alpha particles? 

2.9 Errors in the Present Measurements 

Reliability of any experimental finding is indicated 
by total error or by sources of errors involved in the 
experimental measurements. Since the fission cross section 
of 255 (J for thermal neutrons (u^600 barns) is very large as 
compared to that for keV neutrons (^1*5 barns), a trace 
of thermal neutrons in keV neutrons beam will produce a 
large discrepency in the keV* neutron results, therefore, 
the contribution of thermal neutrons inthe.ke/ neutron 


t, 
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energy runs and the error due to statistics are the two main 
sources of errors in the present measurements. These are 
described below. 

(a) Error _due to ^the contribution of thermal neutrons in the 
keV neutron energy runs 

To produce a reasonably high neutron flux fc^io' 7 
neutrons per sec), a large proton beam current (^20pA) is 
required. This proton current produces a lot of heat at the 
neutrun producing target (lithium or tritium) which causes 
evaporation of the target material and hence reduces the life 
of the target. To overcome this, the target has to be conti- 
nuously cooled by flowing chilled water through a copper tube 
wrapped around the target holder. Because of multiple 
scattering in water, some of the neutrons get thermalised 
and reach the fissile target. Thermal neutrons can also 

originate due to the reflection frum walls, electronic units 

€ 

etc. and can reach p6 the fissile target. Since the ratiu of 

thermal neutron fission cross section to keV neutron fission 

235 

cross section is about 400 for U, a small percentage of 
thermal neutrons in keV neutrons is going to contribute 
quite a lot. 

A separate experiment was performed to determine the 
ratio of thermal neutron flux to keV neutron flux at 
different neutron energies in the energy interval from 120 keV 
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to 600 keV. Two indium foils (having equal mass and equal 

size) one covered with cadmium and the other uncovered were 

used for this purposes ihe samples were placed at the 

position of the fissile target symmetrically around the 0° 

direction of neutron beam. After irradiating fur about two 

hours continuously , the y— activity of the samples were 

measured with the help of a Nal(Tl) scintillation detector. 

The ratio of thermal to k eV neutrons at E n = 150 keV was 

-4 

found to be about 10 at the fissile target. At neutron 
energies above 150 keV, the ratio was even smaller than this 
value. Backward calculations have shown that about 4 °/ Q of 
the total fission events are produced due to the presence of 
thermal neutrons at neutron energies between 120 keV to 600 
keV. This introduces an error of about 1.5^- 5% in the 
alpha particle yields, error of about 2 % - 4 % in the 
triton yields and error of about 1.5 % - 3 % in the proton 
yields. 

(b) Statistical „ errors 

Statistical errors depend on the total counts and 
therefore it varies from run to run. In the present 
measurements, it varies from 2 ^ to 4 °/q for alpha particle 
yields, from 6 % to 10 % f or triton yields and from 3 % to 
9 °/ Q for proton yields. 
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2,10 Conclu si o ns 

Th.e most provable energies and the standard deviations 
of alpha particles, tritons and protons do not vary signifi- 
cantly in the neutron energy region from thermal to 600 keV. 

fhe yield of alpha particles at neutron energies 
around = 200 keV increases by 20'^^ as compared to that for 
the thermal neutron fission, which may be attributed to the 
even parity of the transition states accessible to the 
fissioning nucleus in this energy region. To establish this 
more firmly, the measurements with the better neutron energy 
resolution are necessary. 

The variations in the yields of tritons and protons 
with the incident neutron energy are altogether different in 
nature as compared tu that of alpha particles. Since the 
present results have a mixture of the polar and equatorial 
type of events, the increase in the yields of tritons and 
protons may be due to the increase in either the polar or the 
equatorial or both type of events. Further experiments are 
necessary to study the effect of incident neutron energy on 
both the types of events separately. 

The measurement of yields of light-charged-particles 
in fission is important for the understanding of the nature 
of the three-fragment event because unlike energy and angular 
distribution measurements which sample post- fission Coulomb 
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forces, yields depend on the pre-scission motion of the nucleus. 
The present results emphasize the need of yie i d measurements 
of different light-charged-particles at still higher neutron 
energies. 


# 
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CHAPTER III 


ETCHING CHARACTERISTICS. OP GN-85 CELLULOSE 
NITR ATE TRACK DETECTOR 

3.1 Introduction 

TLe advantages of solid state nuclear track detectors 
(SSNTD) over nuclear track emulsions in detecting charged 
particles have resulted in an almost complete replacement of 
the latter in many fields of applications. The advantages of 
these detectors over semiconductor detectors are the spatial 
resolving power and the insensitivity of these detectors to 
beta particles, gamma rays and neutrons. The time— consuming 
evaluation and the insufficient energy resolution have "been 
limiting the utility of these detectors- in the past. However 
the image analysing computers have made the evaluation very 
fast. 
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'Hie story of track detectors started with the Young's 
study £lJ o£ etching fission fragment tracks in lithium 
fluoride and the electron microscopic observation of fission 
fragment tracks in mica by Silk and Barnes [2]. Since then 
a tremendous amount of work has been done [3-4] to develope 
new track detector materials and to improve etching and 
counting techniques. Table — 3*1 lists some of the important 
track detector materials along with their characteristics. 
Normally these detectors are insensitive to light- charged- 
particles and thus behave like threshold detectors, recording 
all highly ionizing particles and ignoring all those charged 
particles which are lightly ionizing. Most of the laboratory 
made track detectors and naturally occuring mineral track 
detectors record fission fragments as well as heavy particles 
and are essentially unaffected in any direct way by imnense 
doses of electrons, protons and even alpha particles. This 
property of seeing certain particles well and others not at 
all is a highly valued quality of any track detector. 
Cellulose nitrate track detector (CNTB) [5] is the most 
sensitive track detector material which can be used in alpha 
particle detection. 

The etching characteristics of Kodak CN— 85 (old 
trade name: CA 80-15) cellulose nitrate track detector have 
been studied in detail which are described in the present 
Chapter. The bulk-etch rate (V-g) is necessary to determine 



Talle - 3.1 Some important solid state nuclear track 
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the removed layer of the track detector material by etching 

and for obtaining the true etched track-length from the 

observed etched track-length. The methods for measuring the 

bulk-etch rate are described in Section 3.2. The temperature 

dependence of the bulk— et'ch rate is used to determine the 

activation energy for the bulk-etching of the material. 

The development of the rear-etching technique in the 

recent years has provided good energy resolution for alpha 

particles [6] and therefore these detectors have become very 

useful in the light-charged-particle spectroscopy. The 

method of rear-etching is described in the Section 3.4. 'The 

227 

technique is then applied to obtain Ac alpha energy 

spectrum and to obtain 1 ong-range alpha-particle (LRA) energy 

252 

spectrum from spontaneous fission of Cf. These results 
are presented and discussed in the Sections3*5 and 3*6 
respectively. 

3.2 Bulk- Etch Rate Measurements 

To determine the residual thickness of a track 
detector sample after etching it for certain period of time, 
one requires an accurate value of the bulk-etch rate (Vg) 
for the etching conditions used. The bulk-etch rate is 
defined as the speed with which the undamaged regular 
material of a track detector is dissolved out by an etchant, 
tfe have determined the bulk-etch rates of CN-85 cellulose 


120 


nitrate track detector in 6N N a 0H solution at different 
temperatures by two methods: 

(i) Gravimetric method, 

(ii) Track-diameter method. 

The gravimetric method is based on the loss of mass by 
etching for certain time at a fixed temperature and concentra- 
tion. A. 100pm thick sample of Oh-85 (size: 3 cm x 3 cm) of 
known mass (m) was dipped inside 6h HaOH solution maintained 
at a fixed temperature (62 + 0.5 °C) in a thermostat 
controlled water bath. The detector foil was attacked by 
the etchant uniformly normal to the two faces. After etching 
for a certain period of time (30 minutes), the sample was 
taken out of the solution, and was thoroughly washed with the 
de-mineralized water. After air-drying at room temperature, 
the sample was weighed on a semi-micro balance again and 
thus the mass loss (.Am) by etching was determined. The 
layer removed (layer etched) from one face of the sample was 
then calculated as follows: 

Since the original thickness of the sample of mass (m) was 
100 jam, the thickness removed from both the faces correspon- 
ding to the mass loss (Am) = (^ m ) x 100 pm. 

And therefore the layer removed from one face 

= | x (^“) x 100 pm. 

The m a ss loss due to thatching of the side faces was 
calculated and it was found to be less than 1 £ of the 



121 


total mass loss and therefore the contribution of the material 
etched out from the side faces of the sample was neglected 
in the calculations. 

* 3'«1 indicates the variation of the thickness 
of the layer removed from one face of the sample with the 
cumulative etching time. The bulk-etch rate (V^) obtained 
by least-squares fitting is 


Vg = 6.720 + 0.008 pm/hr. 


fhe rate of etching along the particle track in 
any track detector is known as the track-etch rate (V^) which 
is always greater than the bulk-etch rate of the detector 
material. Prom the track-diameter kinetics [?], it is known 
that the particle tracks having Y^/V-g^l can be used to 
determine the bulk-etch rate along the surface plane. ’The 
rate of increase of the radius of the tracks equals the 
bulk-etch rate. Thus if kid is the increase in track 
diameter in time At 


or' 


&d 

&t 


= 2V- 


B 


1 


? * 


A V 


(3.D 


The track-diameter method of evaluating the bulk-etch rate 
is reliable' only upto track-diameters of about 14 pm [8-9]. 
The track-diameter versus etching time curve remains linear 
in this range. The linearity is not preserved at larger 



LAYER REMOVED FROM ONE FACE OF THE SAMPLE 



Fig. 3.1 Variation of the thickness of the layer removed from one 

face of the sample as a function of the cumulative etching time 
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track-diameters because of the saturation effects [8], 

A sample of GH — 85 (size* ^ r-m y rtT _\ • , . 

0 ^ 0 v ze * > cm x 3 cm) was irradiated 

c.'D c. 

with Cf spontaneous fission source in a vacuum chamber 
(Pig. 3.2). The source was kept a t a distance of 2.5 cms from 

the detector foil. A collimator of 2 mm diameter was used in 

between the source and detector foil to prevent the obliquely 
incident fission fragments and to confine the area of interest. 
After irradiating for half an hour, the sample was etched in 
6k NaOH solution kept at 62 + 0.5 °C in steps of 15 minutes. 

The variation of track- diameters with etching time is shown in 
Pig. 3.3. The bulk-etch rate obtained from this curve is 

Vg = 6.7 + 0.5 pm/hr. 

The measurements of the track— diameters were carried 
out at magnification of 1600. The uncertainly in the track- 
diameter measurements is +0.5 pm. The two bulk-etch rates, 
obtained from gravimetric method and track-diameter method, 
agree within the experimental uncertainties. This suggests 
that the bulk-etching is isotropic in CN-85 cellulose nitrate 
track detector and therefore this detector is suitable for 
rear-etching technique as described in the Section 3*4. 

3.3 Temperature Dependence, of the Bulk- Itch Rate^and the 
Activation Energy , of Bulk-Etching 

Most of the non- crystalline materials such as 
plastics show an isotropic behaviour when etched in some 
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CN - 85 Foil 
(Size: 3cmX3cm) r ^ 

,--.c - 

\ 

Collimator of 2mm 
diameter 

252cf/ 227A c Source- 
Source Backing- - 


Fig. 3 2. Schemdtic diagram of the system used for 
irradiation of the detector foils in a Vacuum 
chamber. 




126 


chemical etchant [ 3 ] • The hulk-etch rates normal and along the 
surface of such solids are, therefore, equal, as has been seen 
in ON- 8 5 cellulose nitrate track detector in the present study. 
The diameter of the initial damage— trails furmed by undegraded 
fission fragments in plastics was found to be less than 100 2 
[10 ]. The chemical etching results in a preferential attack 
along the track of the particle. The degree of damage and the 
track-etch rate both decrease with the depth of penetration 
inside the solid state nuclear track detectors for fission 
fragments. The etch-rate along the track beyond the damage- 
trail is equal to the bulk- etch rate of the undamaged 
material. 

The growth of the track-diameter of the fission 
fragment tracks with the cumulative etching time has been 
measured in CN-85 at temperatures: 25°C,3^b,40 u C, 50°C, 62°C 
and 70°C. Tig. 3.4 shows the track-diameter versus cumulative 
etching time curves for these temperatures. By least-squares- 
fitting, the bulk-etch rates have been determined for 
different temperatures. These values are listed in the 
Table - 3-2. 

Making use of the gravimetric technique, as described 
earlier, we have obtained the variation of the layer removed 
from one face as a function of the cumulative etching time 
at various temperatures. These curves are shown in Tig. 3.5* 
The values of bulk-etch rate at different temperatures. 
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Table - 3.2 The bulk-etoh rate (V B ) of CN-85 determined by two methods at various 
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LAYER REMOVED FROM ONE FACE OF THE SAMPLE (jum) 


50.0- 


ETCHANT: 6N NaOH 


40.0- 



ETCHING TIME (hours) 

Fig. 3.5. Variation of the thickness of the removed layer as a function 
of the cumulative etching time at various temperatures . 
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determined from gravime tri c method , are also listed in the 
ladle - 3 »2. 


Ih.e "bulk-etch, rates, determined from both methods, 
at different temperatures agree well within the experimental 
uncertainties. The accuracy is better in the gravimetric 
measurements. However, the accuracy in the track-diameter 
method can be improved by using better micrometer attachment 
at high magnification of the microscope. 

The temperature dependence of the bulk-etch rate 
provides a simple method for determining the activation 
energies for bulk-etching of the solid state nuclear track 
detecturs(SSNTDs) . Several wurkers [8-9] have tried to 
correlate the variation of bulk-etch rate with the temperature 
in analogy with a chemical reaction. Tor a particular SSNTD 
at’ a given concentration of a particular etchant, the bulk- 
etch rate is given by 


or 


E 

Vg = A exp(- 

E 1 

log V B = log A - ( 2 . 303 k) T 


(3-2) 


(3.3) 


where A is a constant, S is the activation energy for bulk- 

SL 

etching, k is the Boltzmann constant and T is the temperature 
in absolute scale. Thus a plot of log Vg against (ij) gives 
of the activation energy (E a ) as fullows: 


A (log v B ) 
'A (|) 


a measure 
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or 



0.1986 


; £(iog v B ) j 

! A (i) I 


eV 


= 0.1986 x (numerical value of slope) eV 

The variation of log Vg as a function of (^) is shown 
in Tig. 3*6. The continuous curve in the figure is the least 
square fit. Thus 

The slope of the fitted straight line = - 12.32+0.01 
The activation energy of bulk- etching, S =2-446+0.002 eV 
The value of constant, A = (5.25+0.35)xl0^ 8 pm/hr 
These values are useful for calculating the bulk-etch rate 
at any temperature. 


3.4 Rear-Etching Technique 

In solid state nuclear track detectors (SSMTDs),the 
etched particle tracks have two energy dependent parameters 
for particles uf equal mass and charge. The diameter of the 
etch pit is a function of the radiation damage density along 
the particle track which is proportional to the specific 
energy loss rate and hence to the particle energy. This 
method has been used to study alpha particles [ll] and 
protons [l2]. The energy resolution of about 200 keV for 
alpha particles at about 5»6 MeV and of about 30 keV" for 
protons of energy 2 MeV have been obtained in these studies. 
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The second track parameter is the track— length which 

provides the particle range. The particle range directly 

depends on the energy of the particle. Por heavy charged 

particles such as fission fragments, the track-length can be 

directly measured with oblique incidence of the parti cLes. 

This method has long been used to study the heavy charged 

particles and fission fragments [ 13 ]. This method can not 

be used to study light-charged-particles such as alpha 

particles since the track-etching rates for these particles 

are very small resulting in etch pits instead of needle 

shaped tracks. Recently, a method has been suggested to 

measure the ranges of alpha particles [6] and hence the alpha 

particle energy. The principle involved is described below 

* 227 

and has been applied to obtain Ac alpha energy spectrum 

as well as to obtain log-range alpha-particle energy spectrum 

252 

from spontaneous fission of Cf. 

The surface of the solid state nuclear track detector 
on which particle is incident is referred as the front surface. 
When etching of the irradiated sample of the detector is 
carried out from the opposite surface, it is called rear- 
etching technique, as illustrated in Rig. 3*7* A normally 
incident alpha particle enters at A, moves along a straight 
line path and stops at B inside the detector. 'The distance 
AB is thus the range of the particle in the detector 

The solid dots indicate the radiation damage 


material . 
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Norma I ly incident • 
alpha particle 


Front surface i 

’ AB = Particle range 
, OE = Track pit diameter . 
CF= Etched track length 
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Fig. 37. Illustration of rear etching technique. 
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along the particle path. If v B is the hulk-etch rate of the 
detector material, a layer of thickness is removed from 

the rear in time t-^ by chemical etching and the thickness of 
the remaining detector material is the range of the particle as $ 
in the figure. Now on further etching for a time ± 2 * an other 
layer of thickness 4s removed from the rear of the detector 

sample. Thus 

Range = Residual thickness + ? n t n . 

J3 C. 

From track- diameter kinetics [7,14] for solid state nuclear 
track detectors having isotropic bulk-etch rate, the track 
pit radius is V-gtg. Thus 

Range = Residual thickness + Track pit radius j 

(3.4) 

.. !' 

fhe energy range, which can be covered by une etching j 

\ 

process depends on the size of the range in which the linea- 
rity between the track pit radius and the residual thickness 
is preserved. tfe irradiated two samples of CN-85 (size; 3 cm x 
3 cm) by 2 ^ 1 Am (E =5.48 MeV) alpha source as described in 
the Section 3.2. The particles entered the detector foils 
vertically. The samples were etched from the rear by floating 
them on the surface of 6N NaOH solution maintained at 57+0*5 C 
for varying periods of time. After each time of etching, the 

i 

average track—pit radius over the area of interest was 
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determined. The variation of track-pit radius as a function 
of the residual thickness of the sample is shown in Fig. 3»8* 
The curve shows linearity up to a track -pit radius of about 
14 pm and hence the particles having range difference of 
about 14 pm may be evaluated in a single etching run. This 
suggests that a layer of about 14 pm can be removed from the 
rear in a single etching to determine the particle range 
accurately . 

3.5 Application of the JR ear- Etching Technique to the 

Determination cf JLLpha. Energy Spectrum 

A cellulose nitrate foil (Kodak OK -8 5) of 100 pm 

227 

thickness was irradiated in a vacuum chamber with Ac 
alpha source kept at a distance of 2.5 cms from the foil. 

Th e foil was protected from alpha particles with oblique 
incidence by using a collimator of 2 mm diameter. 'The 
collimator also served to confine the area of interest. After 
irradiation, the detector foil was etched from the rear by 
floating it in 6M NaOH solution maintained at 57+0*5 C to 
get 40.5+0.1 pm residual thickness. Then by counting track 
pits of different diameters, two well separated peaks in 
the counts versus range (residual thickness plus track pit 
radius) curve were obtained. Re-etching the foil from the 
rear to 33.0+0.1 pm residual thickness, two more peaks were 
obtained in the range spectrum. After etching down to 



TRACK PIT RADIUS (jum) 



0 . J l 

0 10 2C 

RESIDUAL THICKNE! 
Fig. 3.8. Variation of track pit radius wit 
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26.0+0.1 pm residual thickness the last peak was obtained. 

Thus the complete range spectrum of alpha particles from 
227 

Ac was obtained in three phases of etching. In each phase 
of etching, the counting of the track pits was restricted to 
a maximum (diameter of 17 pm to avoid multiple counting, The 
multiple counting process is explained in the Section 3.6 
below. 

Since the CNTD detectors have isotropic bulk-etch 

rate, the range of the normally incident alpha particles is 

the sum of the residual thickness and the track pit radius 

after rear-etching. Fig. 3*9 shows the range spectrum 
227 

obtained with Ac alpha particle source. The peak energy 
conversion was achieved using the range-energy relations [15] 
as follows: 

R(j3) = (M/2 2 ) JB a (B) + MZ 2 / 3 0 s (X) (3.5) 


i=4 ,• i=7 ± 

where B ((3) = a- (3 *, C, 7 (X) = G.X 

a 1=0 1 L i=o 


X = 137P/Z •, fi = v/c 

where M is the mass, Z is the charge, v is the velocity of 
the particle and c is the velocity of light. The values of 
the coefficients a^ and are listed in Tables- 3*3 and 
3*4 respectively which are taken from reference [l5]* Ihe 
peak energies thus obtained are given in Table - 3*5 along 
with their vaLues obtained with the solid state semiconductor 
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Fig. 3.9 Range and Energy spectrum of 227 Ac alpha particles. 


Table -3.3 Values of coefficients a. for different velocity regions of alpha particles. 
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Table - 3*4 Values of coefficients for various X values. 



X^O. 09696 
0.09696 <X ^0.167325 
0.167325^X40.98947 
0.989474X41.5235 
1.5235 4x42.3570 
X> 2.3570 


+0.13358xl0 4 
+0.17031X10 1 
+0. 35752 xi 0 2 
-0.12340 
+0.69 2 21x1 0 1 
+ 0.32250 


+0.77502X10 1 

■“0 • 46673 

+0.54376X10 1 
+0.41447 
+0.61 86 6x10 5 
0 


+0.18765X10 1 
+0 . 858 66x10^ 
+0.24361 
-0.12257 
+0.14557 
0 


-0.11 64 5x10 2 
-0.6 387 6x10 2 
-0.13257X10 1 
-0.13658X10 1 
-0.15669X10 1 
0 


Table - 3*4 (Oontd.) Values of 0^ coefficients for various X valaes. 

\ 

Regions^ 1 ~ 4 5 6 7 

X 40 . 09696 -0.13055xl0 3 +0.37257xl0 3 +0.14332xl0 5 -0.75066xl0 5 

0.0969 6 4^ 40.167325 +0 . 22983x10 3 -0.32l67xl0 3 +0.51794xl0 2 0 

0.16732544' 4° -9 89 4 7 -0.439 6 3 -0.50 4 21 -0.1739 4 0 

0.989474^ 4 1 *5235 +0.35379X10 1 -0.11334X10 1 0 0 

1*5235 4 x 4 2 * 3570 -0.14669X10 1 -0.28143xl0 2 +0.17831xl0 2 0 

X>2.3570 


0 


0 


0 


0 


Table -3.5 Ihe peak energies and their resolutions. 


Peak Energy with 
Surface Barrier 
Detector 

(MeV) 

5.72 + 0.01 
6.05 ± 0.01 
6.56 + 0.01 
6.82 + 0.01 
7.36 + 0.01 


Peak Energy with 
CN-85 CNTD 

PWHM, . 

(range) 

J ' V ® M ( energy) 

(MeV) 

(pm) 

(keif) 

5.66 + 0.03 

0.63 

74.1 

6.03 + 0.02 

0.65 

72.0 

6.56 + 0.01 

0.68 

69.7 

6.82 + 0.01 

0.70 

69.4 

7.32 +0.02 

0.75 

69.8 
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detector. The two values match well. 

Ihe full width at half maximum of the range determi- 
nation, > as a function of energy is shown in 

Eig. 3.10. As is seen from the figure, the ^ is 

directly influenced by the range- straggling which depends on 
the particle energy. By multiplying the EWHM( range ) with the 
specific energy loss of the corresponding energy, the 


EWHM^ ener gy ) for different peak energies are evaluated and 
are also shown in Eig. 3.10. Since the range- straggling 


increases and the specific energy loss decreases with the 


particle energy, the latter tries to compensate for the 
influence of range-straggling. At and above E a = 6.5 MeV, 
the influence of range-straggling is fully compensated by the 
specific energy loss and hence the energy resolution becomes 
constant at 70 keV. It is by no means an optimum energy 
resolution which can be achieved with track detectors. The 
energy resolution can be improved by using higher magnifica- 
tion microscope with better resolution micrometer attachment. 
However, the energy resolution obtained is quite adequate 
for studying the energy spectrum of the long-range alpha- 
particles emitted in fission which is of main interest to us. 

fhe rear- etching technique was also used to study 
the long-range alpha-particles emitted from spontaneous 
fission of 252 Cf and is described below. 


# 
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Fig. 3.10. Variation of full width at half maximum (FWHM) with 
alpha particle energy, (a) FWHM { rQngc ) curve and 
(b) FWHM( energy ) curve. 
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252 

3*6 Study of I RA Emission from _ Of Spontaneous Fission 

Li si ng Rear-Etching Technique 

To check, whether the rear-etching technique will work 
satisfactorily for studying long-range alpha-particles or not, 
a stack of five Kodak CN-85 foils each of 100 pm thickness 


was used to study the long-range alpha-particles (IRA) emitted 
from spontaneous fission of “^ 2 Cf. An aluminium absorber 
(8 mg/cm 2 thick) was placed between the 252 Cf source and the 
stack of track detector foils. The thickness of the aluminium 
foil used was sufficient to absorb the natural alphas and the 
fission fragments from the source thus preventing them from 
reaching the detector foils. ■ The detector foils subtended 
2n-solid angle to the source. After twenty four hours of 
irradiation, each foil was etched from the rear by floating 
the foil in 6N NaOH solution maintained at 57+0.5 C. e 
etching and counting of each foil was completed m several 
steps. A layer of about 14 pm was removed from the rear of 


the foil in each step of etching. 

The normally incident alpha particles produce 

circular track pits cn rear-etching and can be used directly 

for range determination. The range determination from 

elliptical track pits is very complicated and therefore the 

i • 4 -d of normally incident alpha particles 
circular track pits of normal y 

^ +wo ranee of long-range alpha- 

have been used to determine the range 

particles in the present measurements. 
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After each, removal of 14 pm layer, the number of 
circular pits having 1 pm ^radius <C.14 pm and total track pits 
( circular plus elliptical) were determined, ihe counting was 
carried out at magnification of 1600 using an Ergaval 
microscope having micrometer attachment with it. Ihe least 
count at this magnification was 1 pm. The maximum track pit 
radius limit was put to avoid multiple counting. Since 
beyond 14 pm track radius, the track pit radius is non- 
linear, the chances of counting the same track pit more than 
once pose a serious problem. By restricting the counting 
upto track pit radius of 14 pm, the above difficulty can be 

overcome . 

Repeated etching and counting finally left each foil 
of thickness ^16 pm. final etching was then carried out from 
the front. Ihe circular etch pits having 2 pm^diameter.^ pm 
were then counted in each foil. 


Completing etching and counting for each foil, 
range spectrum was constructed. The range spectrum is then 
corrected for aluminium absorber by adding equivalent 
thickness of cellulose nitrate track detector (-40 pm) to 
the origin of the spectrum. The corrected range spectrum 

, — , , in The energy spectrum is shown in 

is shown in Pig. 3-11 • ine ene ^ 

• „ p fi sure is the least 
Eig. 3.12. Ihe continuous curve 1 

fhp experimental points. Ike 
squares Gaussian fit to the e p 

(v - 15 52+0.15 Me 7 ) and the width 
average energy (E a = I5.^± u,x ^ 
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Fig. 3.11. Range spectrum of long range alpha particles emitted from “*Cf spontaneous fission. 



3P/NP 


148 



ENERGY <MeV) 

Fig 3.12 LRA energy spectrum. 
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(ff-p. = 4.48+0.05 MeV) are determined from the Gaussian fit 
■“a 

which are very close to their known values [16]. 

From the total revealed track pits in aLl the five 

foils, it has "been estimated that one IRA particle is Quitted 

for about 256+19 fissions. The fission yield was separately 

determined using a solid state semiconductor detector. 'The 

above value is close to the accepted value (299+18) of IRA 

252 

probability in Of spontaneous fission. 

The rear-etching technique was, later, used to study 

the fine variation in the LRA yield and energy distributions 

235 

with neutron energy for U fission in the neutron energy 
region from thermal to 500 ke'T . The details of these 
studies are given in the next Chapter. 
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S?UDY,J)F,JR4 < , MISSION IN P -WAVE. NEUTRON INDUCED FISSION 
01^ 2 ^ 5 U_USING A CELLULOSE NITRATE. TRACK DETECTOR 

4 . 1 In tro du c t i o n 

There have been various conjectures about the extent 
to which the properties of the nucleus at the saddle point 
influence the various characteristics of the fission process 
such as the fission fragment angular distribution, mass 
distribution, kinetic energy distribution, prompt neutron 
emission, prompt gamma ray emission and long-range alpha- 
particle emission. Krishnarajulu et al . [l>2] carried out 
measurements on the long-range alpha-particle (LRA) 

accompanied fission of ^^U. (J -?/2“) and -^ u ^ ~ ^ 

at neutron energies in the range from thermal to 1 MeV. 

Their results showed a structure in the LRA yield at neutron 
energies around E n = 200 ke 1 !. At neutron energies, 
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E n 500 keV, the IRA yield was observed to be equal to that 
of thermal neutrons. Sharma et al. [ 3 ] employed a semicon- 
ductor £E-E detector telescope for particle identification 
(as described in the Chapter II) and determined the yields 
and energy distribution parameters (average energies and 

widths) for protons, tritons and alpha particles emitted from 

255 

neutron induced fission of -'-RJ at neutron energies in the 
energy region from thermal to 700 keV. in increase of about 
20-25 % was observed in the alpha particle yield at neutron 
energies in the neutron energy interval 120 keV <^E n ^l35Q keV 
as compared to that of thermal neutrons. 

In the above mentioned studies [ 1 - 3 ], the 
measurements were carried out at few neutron energies using 
reasonably thick neutron targets. The observed yields are, 
therefore, expected to be an average over a wide neutron 
energy region. To see whether there is -any fine structure 
in the LRA yield at neutron energies around S n = 200 keV, 
further experiments are needed with better neutron energy 
resolution. 

Radiation damage in the semiconductor detectors at 

high neutron flux makes the use of these detectors very 

235 

uneconomic in the study of IRA accompanied fission of U 
induced by neutrons. Since the solid state nuclear track 
detectors (SSNTDs) are insensitive to neutrons, the 
combination of a cellulose nitrate track detector (CM) 
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with rear-etching technique offers an ideal detector [ 4 ] for 
alpha particles in such studies. 

The rear-etching technique was developed for alpha 

particle detection using a cellulose nitrate track detector 

, f 

(Kodak CA 80-15), which is described in the Chapter III. 

Present measurements have been carried out on the 

255 

IRA emission in neutron induced fission of U at several 
neutron energies in the neutron energy region from thermal 
to 500 keV having small neutron energy spreads. An Argon 

gas filled thin ionization chamber was used for fission 

/ 

fragment# detection along with the cellulose nitrate foils, 
for alpha particle detection in these measurements. 

Section 4.2 describes the experimental setup used. 
The procedure of data analysis is given in the Section 4-3* 

The results are presented in the Section 4*4. The possible 

,, "'■""if" 

errors in these results are briefly described in $©£ 

Section 4.5* The results are discussed in the Section 4.6 
and the conclusions based on the present results are 
summarized at the end of the Chapter. 

4.2 ' Experimental^ Setup and_ Procedure 

The measurements were carried out with the 2 MV Van 
de Craaff accelerator at the Indian Institute of Technology, 
Kanpur. The details of the beam transport system, the BP 3 
neutron counter and the neutron target holder are given in 
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the Section 2.4. 

Neutrons of energies 0 , thermal, 125, 155, 185, 210, 

7 7 

and 240 ke? were produced by the li(p,n)'Be reaction [5j. 

The neutron energy spread was calculated using energy loss 

and angular spread considerations and it was found to be 

235 

about 10 keV at above' mentioned neutron energies. The U 
fissile target intercepted the neutron beam in a cone of 
angle 30°. The lithium targets of about 5 ke? thickness to 
2 Me? protons were prepared by vacuum evaporation of lithium 
metal onto thick copper backings. Thermal neutrons were 
obtained by interposing a 5 cm thick paraffin block between 
the neutron producing target and the fission chamber. 

The T(p,n)^He reaction [6] was used to produce 
neutrons of energies, 365 ke? and 480 ke?. The tritium 
targets used in these measurements were obtained from the 
Isotope Division, BARC, Bombay. The neutron energy spreads 
at these neutron energies were estimated to be about 40 keV. 
The method of energy spread calculation for tritium targets 
is described in the Section 2.4. 

The fission target used was the same as for the 
measurements discussed in Chapter II. The target formed 
the Cathode and an aluminium foil (,of thickness W mg/cm ) 
formed the collector of the ionization chamber. 'The 
thickness of the aluminium collector was such as to stop 
the natural alphas and fission fragments and allow only 
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long-range alpha-particles to pass through to get registered 
in the stack of five CJiTID foils. Ionization chamber was 
filled with pure Argon gas. The schematic diagram of the 
fission chamber is shown in Pig. 4.1 along with the electronic 
circuit used to process the fission fragment pulses. The 
amplified pulses were fed into the single channel analyzer 
(SCA) as well as into the multi-channel analyzer. 'The 
discriminator on the single channel analyzer was set to cut 
off the natural alphas 6 MeV). The SCA output was counted 
in a scaler which was used to monitor the fission count rate. 

A stack of five CNTD foils was mounted on the back 
of the aluminium collector to detect the long-range alpha- 
particles. After filling Argon gas in the fission chamber, 
it was placed near the neutron producing target such that 
the fissile target subtended a cone of angle about 30°. 'The 
SCA, the multi-channel analyzer (MCA) and the neutron beam 
we re started simultaneously. After irradiating the foils 
for few hours, the neutron beam, SCA and MCA were stopped at 
the same time. These foils were taken out of the chamber 
at the end of the run and were placed in a cold place to 
avoide any type of annealing of the alpha tracks. 

A new set of CNTD foils was mounted for each neutron 
energy measurement. The total of eight different neutron 
energy runs were taken in this manner. 



157 



TO POWER SUPPLY 


- 235y SOURCE 

ALUMINIUM COLLECTOR 
STACK OF FIVE CNTD FOILS 


r - r 

- — PA!- AMP f SCA SCALER 

• > MCA 


Fig. 4.1. Schematic diagram of the ionization chamber 
and electronics used 
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6 

The proton current used was about 15 pA. About 10 u 

total fission counts were recorded for each neutron energy 

#■ 

run. The irradiated CNTD samples were then analysed in the 
following manner. 

4.3 Data Analy s i s 

A stack of. five foils (each of thickness 100 pm) 
of cellulose nitrate track detector was irradiated in each 
neutron energy run. Each foil was etched from the rear in 
several steps, a layer of thickness about 14 + 0.5 pm was 
removed in each step of etching. Etching was carried out 
by floating the foil in the 6N EaOH solution maintained at 
57±0.5°C in a thermostatic water bath. In each step of 
etching, fresh solution of etchant was taken. As described 
in Section 3*4, the circular etch pits of radius <(14 pm give 
directly the range of the normally incident alpha particles, 
the total number of circular etch pits having 1 pm ^ptch pit j 
radius ^14 pm was determined after removing a layer of -14 pm. j 
the average range of these alpha particles was estimated 
to be about (lOO(n-l) + Residual thickness of the foil + 7) ; 

pm, where n is the serial number of the foil numbered from | 

the front. The foil was rear-etched again to remove another j 

I 

layer of thickness 14+0.5 pm. The total number of circular j 

I 

etch pits having 1 pm Retell radius ^.14 pm was again 

J 

determined and the corresponding average range, as j 
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described above, was estimated. The measurements were made 
with an Ergaval (VEB Carl Zeiss, Jena) microscope using a 
magnification of 1600. At this magnification, the small 
division of the eye piece micrometer was 1 micron. The lower 
limit of the diameter was due to the limitation of the 
magnification of the microscope while upper limit was based 
on the linear increase of the etch pit radius. Beyond 14 pm, 
the increase in the radius was not linear. 

The rear-etching and counting were repeated until 
the thickness of the remaining foil was about 16 pm. The 
foil was then etched from the front for about one hour. 

The total number of etch pits having 2 pm <fLiame ter ^6 pm 
was then determined. The average range of these alpha 
particles is (100(n-l)+8) pm. After completing the etching 
and the counting for each foil, the range spectra for all the ' 
runs were constructed. These range spectra were then converted 
into the energy spectra. The procedure of range-energy j 

conversion is described in the Chapter III (Sections 2.5 and 

2 . 6 ). | 

Since alpha particles were incident at various angles 
on the surface of the CHID foil, there were circular as well | 
as elliptical etch pits on etching of each foil. The total ! 

etch pits (circular + elliptical etch pits) were counted in j 

each foil at the end of its final etching. The total number j 
of etch pits revealed in the five foils corresponding to 
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each neutron energy run was used to determine the long-range 
alpha-particle yield at various incident neutron energies. 

4.4 Results 

The energy spectra of long-range alpha-particles 
(LRA) for thermal run and for various fast neutron energy 
runs are shown in Pig. 4*2. The continuous curves in the 
figure are the least-squares fits of the energy spectra to 
the Gaussian shapes. 

The most probable energy (E ) and the width (o^ ) , 

^ct 

for various incident neutron energies, were obtained from 

the least-squares Gaussian fits. These values are listed in 

the Table - 4.1 and are shown in the Eig. 4.3. The values 

of E„ and showed some fluctuations. 

a E a 

The LRA yields at various neutron energies are also 
listed in the Table - 4.1 after normalizing the observed 
yield for the thermal neutron induced fission to the known 
[ 7 J absolute value of 2x10 ^ per fission. These values are 
shown in Eig. 4.4* The yields are obtained from the total 
revealed etch pits in the five foils corresponding to each 
neutron energy run. The LRA yield at neutron energies, 

E n ^120 keV, is observed to be higher as compared to the 
yield for thermal neutron fission. The yield at neutron 
energies, 130 keV 250 keV, is about 50 % higher as 

compared to that of thermal neutrons. The yield at neutron 
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Table - 4.1 


IRA yield, most probable energy (E ) and 


standard 

energies 


deviation (a-, ) for various neutron 
"a 


Neutron energy 

IRA yield 

IRA most probable 

Width 

(keV) 

too -5 ) 

energy (MeV) 


THERMAL 

2.00 + 0.048 

15.42 + 0.12 

4.28 ± 

125 ± 12 

2.48 + 0.046 

15.77 ± 0.10 

4.37 + 

155 ± 11 

2.96 + 0.044 

15.78 + 0.10 

4.25 + 

185 + 10 

2.96 + 0.046 

15.50 + 0.09 

3.88 + 

210 + 9 

3.04 + 0.044 

16.05 ± 0.093 

4.18 + 

240 + 9 

2*82 + 0.042 

16.12 + 0.08 

3.86 + 

365 + 50 

2.58 + 0.080 

15.21 + 0.18 

4.52 + 

480 + 45 

2.22 + 0.060 

15.23 ± 0.19 

4.81 + 


(MeV) 

0.03 

0.03 

0.025- 

0.023 

0.024 

0.02 

0.054 

0.061 



Ec<(MeV) Oi rf (MeV) 
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energies above 250 keV decreases and tends towards its thermal 
value. 

4.5 Errors 

(a) Erro r due to counting 

The error was estimated by irradiating a cellulose 
nitrate track detector foil (size: 3 cm x 3 cm) with alpha 
particle source of known activity ( Am*, E a = 5*48 MeV) for 
a definite interval of time. After etching the foil for 
about two hours in Na0fl(6N) solution at 57+0. 5°C, counting 
of the total etch pits was carried out three times. The 
reproduction of the total number of etch pits was observed 
to be limited by about 3 % due to the counting mistakes. The 
etching was carried out from the front of the foil by 
floating the foil in the sglution. Thus due to the reprodu- 
cibility of the counts, the error in the IRA yields is about 



(b) Statistical errors 

The statistical errors in the IRA yields lie between 
1.5 % to 2.5 % in the present measurements. 

(c) Co ntribution due to the contamination of ^thermal 
neutrons in_the keV neutron energy runs 

m 

Apart from errors due to counting and statistics, 
there was some contribution in the ERA yield due to the 
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contamination of thermal neutrons in the keV neutron flux. 
Measurements (as described in the Section 2.9) indicated 
that the ratio of thermal neutron flux to keV flux is about 
10 ^ in the present geometry. There are about 4 % of the 
total fission events produced due to these contaminations 
which produce an overall discrepencies of about 1 % - 1.5% 
in the LRA yield at various neutron energies in the present 
measurements. This is within the experimental error. 

4.6 Disc ussi ons 

It is seen from the fig. 4.3 that there is no 

significant change in the values of most probable LRA 

energy (I ) and the standard deviation (a_, ) in the fast 

■“a 

neutron induced fission as compared to their values in the 
thermal neutron induced fission. These results in conjunction 
with previous work [l-3 J may prove to be useful in establishing 
that the excitation energy dependence of the LRA energy 
distribution is very weak. This also indicates that the 
changes in scission configuration do not get reflected in the 
energy spectra of different light-charged-particles. 

fig. 4.4 shows the variation of LRA yield with the 
incident neutron energy. It is seen from the figure that 
the yield increases with the incident neutron energy above 
120 kev r . At neutron energies in the range from 150 keV to 
250 ke7, the yield shows an increase of about 50 °/ Q as 
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compared to the yield for thermal neutron fission. At higher 
neutron energies (above 250 keV), the yield shows a decrease 
trend. It decreases slowly towards the thermal value. 

In the earlier measurements [1,3] alsu, the yield 
of alpha particles at neutron energies around E n = 200 keV 
showed an increase of about 20 % as compared to that of the 
thermal neutron induced fission. In these measurements, the 
thick neutron targets were used and therefore the neutron 
energy spreads were much larger as compared to the energy 
spreads in the present measurements, the yields were the 
averaged values over the large neutron energy window. 
Krishnara julu et al . [l] also observed the LRA yield at 
neutron energies in the interval from 600 keV to 1020 keV 
and found that the yield becomes equal to that of thermal 
neutrons in this energy region. The yields at higher 
neutron energies (E n (>l Me'?) were also observed [8] and 
it was found that the yield is the same as that of thermal 
neutrons . 

Since the change in the excitation energy of the 
compound nucleus at 200 keV neutron energy is nut very large 
as compared to that of thermal neutrons, the increase in the 
LRA yield at neutron energies around E n = 200 ke"? can not be 
associated with the excitation energy of the fissioning 
nucleus. Moreover, the LRA yield decreases with the incident 
neutron energy at neutron energies above E n = 250 keV and 
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up to about 500 keV. Beyond 600 keV neutron energy, the IRA 
yield [ 1 , 8 ] was observed to be the same as the thermal value. 
These studies [l , 8 J emphasized that the IRA yield dependence 
on the excitation energy of the compound nucleus is very weak. 

In the thermal neutron induced fission ( Jt= 0, s-wave 

fission) of "u(7/2 ), the states accessible to the fissioning 

nucleus at the saddle point are the negative parity states, 

namely 3 ~ and 4~. In the fast neutron induced fission of 
235 

0, the higher partial waves such as p, d, f...... etc. also 

contribute to the fission cross section along with the s-wave 
and therefore the states of both parities (negative and 
positive) are accessible to the fissioning nucleus at higher 
incident neutron energies. The contributions of different 
partial waves to the total fission cross section depend upon 
the incident neutron energy and the different at different 
incident neutron energies. At neutron energies in the 
interval from 120 keV to 350 keV, the contribution uf p-wave 
fission to the total fission cross section is abuut 60 ^ 

[9 >10] and hence the most accessible states to the fissioning 
nucleus at the saddle point are the positive parity states, 
nemely 2 + , 3 + > 4 + and 5 + . Since the positive parity states 
lie about 0.6 MeV lower than the negative parity states, 
the extra available energy at the saddle point in the p-wave 
fission can go into the degrees of freedom such as the 
deformation, fragment kinetic energy, fragment excitation 
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energy or into the light-charged-particle emission. The 
increase in the neutron yield at these energies [llj indicated 
that the extra available energy may go into the fragment 
excitation energy. The increase in the LRA yield in the 
above mentioned interval indicates that the extra available 
energy in the p-wave fission may also go into the long-range 
alpha-particle emission and hence the variation may be 
associated with the increase in the relative number of 
fission proceeding via the even parity states populated by 
p-wave interaction in this energy interval. At 500 keV, 
the p-wave fission contribution is about 35 % of the total 
fission cross section while the d-wave contribution is the 
same as that of s-wave fission. The contribution uf higher 
partial waves is less than 10 /q of the total fission cross 
section. These contributions compensate each other in the 
IRA yield such that the yield approaches to that of thermal 
neutrons. 

The most probable energy and the standard deviation 

of long-range alpha-particles emitted in neutron induced 
235 

fission of Q do not change with the incident neutron 
energy in the energy interval studied. This indicates that 
the excitation energy dependence of the LRA energy distribu- 
tion is very weak and hence the stretching of the fissioning 
nucleus at the scission point remains the same no matter 
what its excitation energy is and which state of the 
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transition nucleus contributes more . On the other hand, the 
transition state of the fissioning nucleus at the saddle point 
seems to play a major role in deciding the long-range alpha- 
particle emission probability in the fission process. 
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CHAPTER V 


SUMMARY 

Present measurements were aimed to study the emission 

of different light-charged-particles from keV neutron induced 

235 jc 

fission of U. Employing a semiconductor fJE-E detector 

telescope, the yields and energy distribution parameters 

(the most probable energies and widths) of prptons-, 

tritons and alpha particles emitted from neutron induced 

fission of U in coincidence with fission fragment were 

determined at neutron energies*, thermal, 120 keV, 180 keV, 

230 keV and 550 keV in the first part of the work. The 

second part of the present work was to study the finer 

details of the observed variation of the ERA yield with the 

incident neutron energy around E n = 200 keV. A rear-etching 

technique was developed using a ceLlulose nitrate track 

detector and used for these measurements. 
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The triton yield relative to alpha particle yield for 
thermal neutron induced fission is observed to be about 6*8 
percent which agrees well with the previous reported values 
while the proton yield relative to alpha particle yield is 
found to be about 9*3 percent in the present measurements 
which is significantly larger than the earlier reported 
values of about 2 percent. This difference in the relative 
yield of protons is understood to arise due to the 
experimental geometry used for detection of the fission 
fragments and the light- charg ed-parti cles . The fission 
fragments, emitted at angles close to 90° with respect to 
the mean direction of the light- charged-particle detection 
in the E--E detectors, have a lower efficiency of detection 
in the ionization chamber due to the fact that at these 
large angles the fragments get stopped in the thick source 
foil used in the present experiment. 

The calculations on the detection efficiency of the 
fission fragments in the ionization chamber indicated that 
the efficiency for the equatorial emission of the light- 
charged-particles is only 20 y Q • This reduction of the 
events corresponding to the equatorial emission of light- 
charged-particles results in a relatively greater weightage 
to the polar particles. Since the polar alpha particles 
constitute a very small fraction 2 °/ c> ) of the equatorial 
alpha particles, the greater weightage of polar events does 
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not cause any appreciable change in the observed energy 
spectra of alpha particles. Since the ratio of the proton 
yield to alpha particle yield in polar emission is about 20 
times more than that for equatorial emission, the observed 
proton yield is significantly enhanced. The earlier measu- 
rements on proton yield correspond to only equatorial emission, 
whereas the present measurement includes both type of events. 
Since the triton to alpha particle yield ratio is same in 
both type of events, the polar tritons form a very small 
fraction ( ^2 % ) of the equatorial tritons and therefore, 
the observed energy spectra of tritons do not change 
appreciably due to the greater weightage of polar events. 

The LRA yield increases with the incident neutron 
energy above 120 keVL At neutron energies lying between 
150 keV and 250 keV, the yield becomes about 50 % higher as 
compared to that of thermal neutrons. At higher neutron 
energies (above 3 n = 250 keV), the LRA yield decreases 
slowly with the incident neutron energy and at neutron 
energies of 500 ke7 and above the yield becomes the same as 
that of thermal neutron fission. 

The large increase in the LRA yield at neutron 
energies in the region from 120 keV to 350 ke'V can be 
understood in terms of the increase in the p-wave contri- 
bution in fission cross section which is about 60 0 / o of the 
total fission cross section in this energy interval. The 
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states accessible to the fissioning nucleus in the s— wave 

235 

neutron fission of U are negative parity states namely 
the 3“ and 4“ states while the states accessible to the 
fissioning nucleus in tne p— wave neutron fission are the 
positive parity states namely 2 + , 3 + , 4 + and 5 + . Since the 
positive parity states at the saddle point lie lower than 
tne negative parity states, the extra energy thus made 
available may go to enhance the LRA emission probability in 
the p-wave neutron fission. At neutron energies of 500 keV 
and above, the higher order partial waves also make signifi- 
cant contribution to the fission process and thus one 
expects to get effects which are average of both parity 
states and thus the LEA yield becomes equal to that of 
thermal neutrons. 

The triton yield increases gradually with the 
incident neutron energy such that the yield at E n = 550 keV 
becomes about 3.5 times that of thermal neutron induced 
fission. The proton yield also increases with incident 
neutron energy but this increase is quite fast as compared 
to that of triton yield. At 550 keV neutron energy, the 
proton yield becomes about ten times that of the thermal 
neutrons. The variations in the yields of tritons and 
protons with incident neutron energy are altogether 
diff erent in nature as compared to that of alpha particles. 
Since the present results have a mixture of the polar and 
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6Q > u.8,’to i?ia,l type of 6vents -? 

’ tlle ln «ease in the yields of 
tritons and protons may te dup + A +-u 

W 6 dUe t0 the increase in either 

the polar or the equatorial or both type of events . ^ 
experiments are necessary to study the effect of the incident 
neutron energy on the yields of different light-charged- 
particles in polar and equatorial type of events separately. 

Ihe most probable energies and the standard 
deviations (widths, of protons, tritons and alpha particles 
do not show any significant dependence on the incident 
neutron energy, fhis indicates that the excitation energy 
dependence of the energy spectra of different light-charged- 
particles such as protons, tritons and alpha particles is 
very weak. fhis implies that the stretching of the fissioning 
nucleus at the scission point is not sensitive to the 

excitation energy and to the state of the transition nucleus 
at the saddle point. 



